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ABSTRACT 
RECOGNITION AND REPRESENTATION OF CONTOURS IN THE MEASUREMENT 
OF SPHERIC AND ASPHERIC SURFACES 
by HC Sharma 
Many high performance optical components9 by designq are 
complex in shape. The production of such optical components 
requires specialised machining operations. The errors 
generated due to noise and other faulty aspects of the 
machineg introduce small deviations in the required profile. 
Certain optical materials such as germanium are extremely 
expensive. Hence there is a need to detect those components 
which are likely to give poor optical performance at an 
early stage in the production cycle. This information can 
then be utilised to control the machining process for maxi- 
milm accuracy. A method is therefore required to correlate 
the machining error with the optical performance of the lens. 
The main aim of this research has been to establish a 
suitable correlation between the profile error and the 
optical performance. The work was conducted by studying the 
error profiles of 29 lenses together with their modulation 
transfer function (MTF) curves. 
The first two chapters provide the bbxkground knowledge about 
aspherised lens elementst their manufacturing techniques and 
related measurement problems. Chapters III and IV are 
devoted to an explanation of some optical theory and its 
relevance to the problem in hand. Subsequent chapters trace 
the development of procedures to correlate optical perform- 
ance to profile error. The design and implementation of a 
suitable predictor is discussed in Chapter IX, Main con- 
clusionst overall discussionst and suggestions about future 
work follow in Chapter X. 
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I CHAPTER I 
INTRODUCTION 
The study of complex shapes and contours has been a 
challenging area for mathematicians and theoreticians for a 
long time (1). In practice, the design, production and 
manufacture of components with complex shapes are important 
activities in many facets of engineering. For example there 
exist a large variety of components whose shape, for beat 
performanceg should be spherical, e. g. crank shaft journalsp 
ball bearings 9' etc. 
( see Fig. 1.1) - The manufacturing 
process often introduces errors of form on essentially a 
round component (2). The deviation of the component from 
its true shape may have a marked effect on the performance'of 
the component. It is therefore necessary to have quantitative 
estimate of "out of roundness". k considerable amount of work 
has been done in this field and many parameters have been 
invented which assist in the measurement of roundness 
3P 49 5 ). The parameters can beused for quality control 
check or as diagnostic aids for detecting problems arising in 
the manufacturing process. ''The problem'of measurement becomes 
more difficult where only partial arcs are available for 
measurementg e. g. ball bearing races, tool -tipaq and spindles 
with key waysq etc. '( 6, 
Since roundness is easily associated'with rotation and 
movement of spindles, shaftsq gearsq etc. 9 applications of 
spheric components are readily appreciated. The measurement 
101 
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TYPICAL ENGINEERING COMPONENTS 
FIGURE 1.1. 
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of roundness of spheric components is hence an active part of 
measurement and inspection process in the field of engineering. 
Indeed many optical components are spheric ( see Fig. 1.2 ). 
At a first eight the design/manufacture of spheric/aspheric 
shapes appear to be highly specialised branches of mechanical 
engineering and hence of little interest to engineers in other 
discplines. However a closer examination reveals a heavy 
inter-dependance of traditional manufacturing and inspection 
with signal processing and pattern recognition* For example, 
machined surfaces give rise to a variety of signals which are 
used to determine statistical parameters as aids to 
measurement (8). 
An extremely important role in measurement is played by optical 
technology which binds several engineering diseplines together* 
Optical interference techniques are common in many areas of 
mechanical measurement (8 )* Man's interest in optical 
components is by no means recent. A picture painted by 
Tomasso de Modena in 1352 shows a man wearing a pair of 
spectacles 9 ). Ancient Egyptian lenses have known to be 
existed as early as A. D. '150- Modern day scientific applica- 
tions, dominated by data processing problems9 rely heavily on 
optical technology ( 109 11 
A significant part of important data is often visual. 
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Collectiong storage, transmissiong and finally processing of 
such information must occupy a key place in many different 
spheres of research and development. For example "holographic 
interferometry" has been used to non-destructively test for 
hidden defects in car tyresq to study strain contours on jet 
turbine blades, and to study vibration patterns of musical 
instruments (6). 
The recent development of faster and cheaper computers, smaller 
but high capacity storage media has acted as a catalyst to the 
growing interest in optical data processing. This combination 
provides us with a very powerful technology to solve engineer- 
ing problems. Hence an individual researcher seeking to 
understand the process of manufacture and inspection of 
spherical and non-spherical components meets a bewildering 
range of techniques drawn from a wide spectrum of discplines. 
He. therefore has to be multi-discplinary in approach. 
For examplev one may come across integrated optical devices. 
These are of particular interest since they use parallel 
processing ability of light ( 12 ). A number of signal 
processing applications such as high speed A-D conversion 
and spectrum analysis have been realised ( 12 ). However, 
practical realisation of such devices require fabrication 
of lens elements which may be complicated in shape. Manu- 
facture and test of such lenses hence requires good knowledge 
1-5 
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of grinding, polishing, diamond turning, etc. ( 12 ). The 
relationship between the function of the device and its shape 
is hence of critical importance. 
The diversity of usage of specially shaped lens elements can 
be illustrated by a further example found in laser plasma 
experiments. In one such case, six laser beams are focussed 
on to a microbaloon of . 01 mm in diameter. The lenseB have 
to be of special design and essentially non-spheric. They have 
to withstand power densities of 10 
10 W/cm 2( 13 )- 
The importance of manufacture of special optical shapes, is 
reflected by the arrival of highly sophisticated machine tools. 
For example Philips Research Laboratories have developed a 
high precision, single pointq diamond tool, machining equip- 
ment ( 14 ). While the manufacture of non-spheric components 
has benefited from computer control of machine-tools, the 
measurement of complex shapes is still lagging behind. 
This research is concerned with the measurement of germanium 
lenses which are essentially non-spheric in shape. 
- 
The main 
aim of the research is thereforeq to device parameters or 
algorithms which allow prediction of optical performance 
from mechanical measurements taken during the manufacturing 
process. 
1.6 
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However, before attempting to solve the measurement problem it 
is necessary to have a good appreciation of the factors which 
are inherently related to the manufacture/measurement of such 
lenses. The aspects which are worthy of consideration are as 
follows: 
(a) The need to use non-spheric shapes 
(b) The need to use germanium in the manufacture of 
optical components 
(c) The method used to manufacture aspheric germanium lens 
elements 
(d) Current procedures in error checking 
(e) Early attempts to correlate error of form to optical 
performance 
These points are discussed in Chapter II. 
The main objective of Chapter III is to familiarise the 
reader with basic optical theory and to show how this theory 
is used in practice to measure optical performance. Chapter 
IV raises issues about linking errors in the profile to the 
optical performance. Since the problem in hand is multi- 
discplinaryg a more detailed consideration is given to 
fundamentals in optics in Chapters III and IV, than would 
have been necessary otherwise. In addition an existing 
lens design software model is used to simulate profile 
errors, leading to important initial observations. An 
1-7 
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instrument capable of measuring profile errors is discussed in 
Chapter V. 
Subsequent chapters deal with analytical techniques applied 
to a specific batch of lenses which have been measured on 
the instrument previously described in Chapter V. Development 
of suitable parameters is traced and the results are supported 
by suitable theory and results where necessary. Chapters VIII 
and IX give details of a predictor which estimates the optical 
performance from errors found on the lens profile. Finally 
Chapter X is dedicated to overall conclusions. Ideas about 
extending the research are also discussed. 
Matters which are closely associated with the researchq but 
are not of direct relevance to the subject matter in Chapters 
I-X are provided in the appendicieso 
The strength of this research lies in synthesising different 
discplines together and hence providing a unique solution to 
a difficult problem. 
118 
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CHAPTER II 
ASPHERICS 
A contour which by design departs from a spheric shape is 
-called an aspheric and the amount of asphericity encounteredo 
varies from one design aim to another. On a simpler scale one 
may visualise the shape of mouldst used for casting plastic or 
glass equipment. Often an appreciable part of the effort to 
produce a mould, lies in producing the correct shape. This 
effort is reflected in the cost incurred to produce a particular 
mould. In practice a mould may be produced after several 
machining processes by skilled operators; the emphasis is 
generally on precision and accuracy. One factor in favour of 
production of moulds is that the quantity produced is likely to 
be small and hence care of individual components in machining 
and checking by experienced operatives is generally available 
(-15 ). Never-the-less the final inspection of the product is 
mainly subjective. The curves described by the rotor blades 
of turbines are quite complex to measure. Currently holographic 
techniques for measurement are being developed at the 
Loughborough University. Engine pistons may not be round but 
often elliptical and in some cases the designed shape follows 
a fourth order polynomial. In such cases curve fitting 
exercises are relied on for measurement purposes. Certain 
types of cams may require a similar treatment ( 16 ). 
2.1 
Aspherics in Optical Components 
A large variety of aspherics are produced in the area of 
2.1 
2.2 
optical technology. Applications are found to range from small 
wavelengths X 1.0 nm upto large wave lengths*, ',, '5-10 um, in both 
modes of reflection and refraction. For example x-ray instru- 
ments often use reflection techniques and the wave lengths of 
interest are 1.0 nm - 100 im. To obtain acceptable quality of 
imagery, a design based on spherical mirrors would entail the 
use of too many elements adding complexity and possible cumula- 
tive losses from absorption and scatter. Many x-ray mirrors 
therefore need to be non-spherical, e. g. toroidal or conicoidal 
( 17 )- Manufacture of such components is difficult since the 
low wave lengths impose high surface finish requirements while 
other optical criteria simultaneously demand high accuracy of 
the geometrical form. Aspheric mirrors are also used in 
telescopes. 
In more common applications where generally glass materials 
are used for work in the visible range, spherical lens-elements 
are used. Their manufacture and production is generally easier. 
Use of several lens elements provides the required quality, but 
at increased cost. This seems to be a reasonable compromise. 
Moreover in the visible range several types of modern glass 
are available, thus providing the designer with additional fle 
flexibility. For the purposes of inspectiong several well 
established techniques suffice. For example "Newton Ring" 
method and many interferrometric methods are extensively used. 
Most standard texts in optics describe such methods. 
2*2 
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Never-the-less examples of glass aspherics are found in 
specialised applications. 
2.2 
Infra Red Lenses 
The situation is not quite the same when dealing with designs 
relating to infra red optics. This branch is important since 
infra red optics allows us to image in total darkness. In 
military applications where one has to image without being seen, 
infra red optics is heavily relied on. There are of course 
other situations# like imaging through smoke, plantationst 
and man made barriers, which require similar treatment. Study 
of wild life in their natural habitat, has been performed by 
the use of near infra red ( 1jam )( 18 ). The fact that 
infra red optics relies on detection of "heat waves", enhances 
the uses to which infra red optics can be put. For examplet 
by thermal imaging of human body "hot spots" can be found. 
This information can be used by medical researchers to detect 
potential ailments. The patterns of heat radiation from plants 
are used in detecting diseased crop. In engineering studies Of 
heat patterns on cutting tools, enginesq etc. 9 are of 
importance. Indeedt a known heat pattern may be imposed on a 
component and later detected in form of a "thermal signature". 
Such ideas may be of use in automation and robotics. High 
quality thermal imaging systems have resolution of 0.1 0 Ce 
Resolutions of 10 - 20 may be more common place* Thus military, 
2-3 
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medical, and industrial application of thermal imagingt 
promise an active interest for many researchers and instrument 
designers. 
2.3 
Use of Germanium for Infra Red (I*R) 
The first observation which has to be made in connection with 
IR optics is that ordinary glass does not transmit wave 
lengths much greater than 1 um (near I R). Hence# while some 
fringe applications may be realised with glass, a vast pro- 
portion needs a different material which will transmit wave 
lengthsQ-. 8 - 12jum without significant loss. There are 
only a few high quality materials available to the optical 
designer in this spectral region. Although potential 
materials are being researched, the most widely used material 
is germanium ( 19,20 ). Since germanium is manufacllured in 
pure form for semi conductor industry, it has also become use- 
ful in the IR work. The second observation is that the high 
refractive index of germanium 04: ý 4 at 10 jam) is of notable 
contrast to indicies of 1-5 - 1-79 of typical glass materials 
in the visible range of frequencies. This is of a distinct 
advantage, since high refractive index allows shallower curves 
and hence lenses can be made thinnerg reducing over all volume 
of the lens element. Other materials, with refractive index 
of '-W 2.4 are available. These in combination with germanium 
(high refractive index) can help in colour correction. In 
2.4 
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general, however germanium is very expensive. A very rough 
comparison between a germanium element and similar glass 
element may indicate the germanium elements to be some 30 40 
times higher in cost than its glass counterpart. The cost of 
a 10" diameterp 1j" thickq blank germanium lens element has 
been estimated to be some E10,000. Even small lens elements 
1" - 5" diameter could cost several hundred or even several 
thousand pounds. In additiont if only spherical lenses were 
employedq the manufacture would be easier but the number of 
lens elements would increase in order to meet performance 
criteria. This would add seriously to the overall costp not 
only because of the additional cost of the elementat but also 
because of added mechanical complexity in assembly etc. 
Further such a system is likely to be bigger and bulkier. 
Germanium is twice as heavy as glass. There isq hence a 
strong motivation to reduce the number of lens elements in an 
infra red optics system ( 21 ). 
2.4 
Use of Aspherics in Germanium Elements 
A significant saving in the number of elements used can be made 
by aspherising some of the lens elements. In certain optical 
systems9 aspheric surface close to the pupil helps in correc- 
tion of the main error - spherical aberration. In other 
cases, apart from correcting spherical aberrationg uniform 
image quality is obtained. In wide angle lens systems aspheric 
2.5 
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surface is also used to correct off-axis image errors ( 21 
All these points have been dealt. in greater detail by 
Paul Kuttner ( 21 ). However by the way of exampleg it may be 
valuable to re-emphasise a typical aspect of his report which 
will bring the aspheric and its use into a closer prospective* 
For a single spherical germanium lens, the lateral aberration 
*9 
&Y for an axial point may be plotted as a function of entrance 
height h. A familiar "square law" type of graph is obtained. 
The aberration in the vicinity of the origin being small 
(---10 im) while at full entrance height reaching some 
600 - 800 jam. This situation is depicted in Fig. 2.2. 
Figure 2.3 shows the same parameters when the entrance surface 
is aspherised. The maximum lateral aberration not exceeding 
0,1jum. An interesting observation is that in the corrected 
lens the lateral aberration does not maximise at the full 
entrance height, A rule of thumb suggests that in most 
systems a saving of one element may be made by aspherising 
methods. In some systems two or more elements may be saved. 
0 
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Production of an aspheric 
Since the required aspheric profilet is theoretically 
Here it will suffice to regard aberration as a 
measure of degradation in image quality 
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calculableg its specification is under the control of the 
designer. It can hence be quoted on a production drawing. 
The component is produced by almost standard machine tool 
procedure - the cutting tool being generally diamond material. 
The cutting sequence can be obtained from the original theoreti- 
cal: design and may be programmed into a computer which controls 
the machine tool. Figure 2-4 shows a schematic of such an 
arrangement. It is necessary to remember that a machine with 
extremely high mechanical stiffness with minimum of errors in 
gears, etc. t is required. Upto fifth order polynomials are 
thus machined on materials like germanium. 
A typical specification drawing for the manufacture of an 
aspheric lens element may be as shown in Fig. 2-5- A2' A4' 
A 69 etc. 9 are the co-efficients of the polynomial in question. 
The term IRI refers to a base radius from which various 
distances predicted by the polynomial are to be generated. 
For the particular example shownt Rw plano i. e. a plane and 
hence represented by a straight line PQ. The aspherising 
distances are measured from this straight line, The equation 
defining the displacement in the X direction is: 
A2y2+A4 Y4 +A6Y6+Aj8+A loy 
10 
where Y is the vertical distance, from the vertex of the lens. 
Some idea of the distances involved may be obtained from the 
Table in Fig. 2.6. 
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The very high initial cost of germanium coupled with expensive 
machining of several hoursq requires that departures from design 
criteria to be kept to a minimum. Tool wear or breakageg 
machine vibrationg poor setting up of the machine, etc. 9 could 
lead to prohibitively expensive scrap material. A measurement/ 
inspection technique which is a part of production cycle may 
therefore be necessary. 
2.6 
Current Measurement Procedure by the Operators 
An attempt in this direction is made where the aspheric genera- 
ting machine itself is used for interim measurement. After the 
machining process is complete, the cutting tool is replaced with 
a Talysurf gauge. The original sequence is then re-run follow- 
ing the same traverse as the tool did. If the gauge shows no 
deflection then the design profile and the measured profile 
must be the same. Any deviation registered on a graph at a 
suitable magnification shows departure from the original profile 
(see Appendix A). This however, is a suspect procedurep since 
the machine errors encountered in cutting are likely to be 
repeated in the measurement also. Thusq little information 
about the true errors is available. This situation is improved 
by caliberating the machine by the use of a reference glass 
spheret before making measurements. Again, the component has 
to be withdrawn from the machine and a whole operation of 
setting and re-setting embarked upon. This is bound to add 
2,13 
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some uncertainty. Although as a guide in production this 
procedure appears to be valuable, it is not particularly 
desirable on three accounts: 
(a) The philosophy of employing a production machine for 
measurement purposesq may not be attractive. Apart from the 
problem of machine errors etc. 9 valuable production time is 
lost. 
(b) A reasonably high degree of skill is required by the 
production operative to caliberate and measure components. 
(c) While small quantities may be handled without too much 
troubleg large quantities, and wide range of products could 
make such measurement extremely difficultv if not impossible. 
Despite such comments, practical shop floor experience 
suggests that the profile obtained after machining does not 
depart significantly from the design criteria* Howeverg in 
addition to the correct profile shape, a good surface, finish 
is also necessary. This is to improve transmission and also 
provide reliable surface on which thin film coatings can 
stick properly* In germanium elementog thin film coatings 
are absolutely essential. The lens element thereforeq has to 
be polished. While polishing improves the surface finish to 
acceptable quality it may degrade the original profile. Hence 
2.14 
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another measurement effort of the polished lens might be 
necessary. Such measurement may reveal a need for some re- 
machining. This in turn will require re-polishing. The 
final acceptable solution thusq is an iterative processp 
relying on a few experienced operatives and often open to 
fairly subjective judgements. Indeed, without a decisive 
measurement systemt a suspect component will have other 
expensive processes done to it only to be later discovered 
as "not satisfactory". The absolute test being the opera- 
tion of the actual final instrument system. If the instru- 
ment operates as expected all is well, otherwise suspect 
components may be replaced until a combination is found to 
perform well ( 22 ). However, this is rare. 
2-7 
Independent Measurement of Aspherics 
There appears a need for an independent systemg which although 
integrated into the production cycle does not occupy the 
production machine unnecessarily. The reasons as to why such 
a system is not already in use are complex. One of the main 
reasons beingg that it is not quite clear as to what particular 
parameters are to be measured. 
Ideally a measurement system should: 
(a) provide quantitative answers for different aspects of the 
profile under consideration so that inspection could be done 
2.15 
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without too stringent a requirement of skill; 
(b) attempt to correlate the defeat encountered with the 
faulty aspect of the machine. This is a very desirable 
feature since an immediate correction is then possible 
without waste of more material and time; 
(c) be reasonably quick and lend itself to typical work 
shop envirorment. 
The achievement of such a system is beset with some funda- 
mental problems: 
(a) While dimensional tolerancing is reasonably well 
understood$ there does not exist a straight forward method 
for tolerancing contoursq profiles, etc. This introduces 
subjective element in the measurement, as mentioned earlier. 
(b) Tolerancing is often regarded synonymous with performance. 
In many engineering applications this may not be objection- 
able. Howeverg in optical profiles, the actual mechanical 
out of tolerance does not bear a straight forward relation- 
ship to the performance of the lens. For examplep it is 
possible that mechanical degradation of lens profile on one 
part of the lens is of less importance from optical point of 
viewq and yet a similar defeat on another part of the lens is 
totally unacceptable. Indeed a correction of one error might 
make another aspect unacceptable. 
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(c) The chain of operationsq between the optical designerg 
the production operativev the inspectorg and finally the user 
of the lens is often so long that correlating optical perform- 
ance to mechanical/production tolerances in some useful way is 
an extremely cumbersome and difficult task. 
In generalg the machined component will have errors arising 
from different reasonsg super imposed on each other. 
Irregularities which are caused by imperfections in the 
machine slide ways, or result from imperfect machine geometry 
such as squareness error between slideways may be classed 
as errors of form or shape. Irregularities resulting from 
machine vibration, or imperfections in tool setting may be 
classed as waviness or undulations. High frequency noise may 
be a function of cutting speed, feed rate, tool wear and the 
I type of cutting fluid. Such noise forms surface texture 
(23)- 
Noise of higher frequency may not be seriously detrimental 
to the image, but is likely to reduce transmission to an 
unacceptable level. However, it has to be emphasised that 
the physical distances under discussion are relatively small. 
Consider, for exampleg an aluminium sphere of some 350 mm radius 
machined on a Pneumo Lathe (trade name). A part trace of 
this sphere is shown in Fig. 2-7. The trace represents 
the error between the best fit (least square) sphere and the 
actual sphere. A feature such as C-D represents an error 
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of about 0.1/0.2, um. A similar trace for germanium sphere is 
shown in Fig. 2.8. 
The observation of these traces raises the following issues: 
(a) Can errors of such small amplitudes significantly affect 
the optical performance? 
(b) Would one particular type of feature be more detrimental 
to the-optical performance than another type of feature? 
(c) Can the error forms and thus amplitudes be quantitatively 
related to the optical performance? 
Some attempt to address these-points has been made in the 
past. For example a parabolic mirror which gave poor optical 
performance was measured on a specially designed SIRA machine. 
However the mirror is relatively large. The base radius is 
some 452 mm. The measurement and its interpretation is 
discussed in Appendix B, since the optical performance of 
such large components is only of passing. interest here. 
This research is confined to the measurement of smaller 
germanium elementst where realistic production quantities 
are envisaged. However the lessons learned from the 
research may well be applicable to a variety of optical 
components. 
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In order to conduct the research two sets of data wouldp hence 
be required: 
(a) A set of error profiles pertaining to a batch of germanium 
lenses manufactured under normal production environment. 
(b) The corresponding measures of optical performance. 
At the time of starting the research the requirement (a) 
above could not be satisfactorily. fulfilled. Firstlyq 
sufficiently large quantity of lenses were not available, 
although the quantity was expected to rise quite rapidly. 
Secondly, an instrument which could provide the error 
profiles was in development stage. Hence the reliability of 
measurements made on this instrument could not be guaranteed. 
It was therefore decided that a pilot study could be conducted 
using 6 lenses. The error profiles were obtained from the 
only development instrument available at that time. Some 
results and comments about this work are given in Appendix C. 
In addition a software lens design package was used to 
simulate some error forms in order to get an initial idea 
about the affect of such errors on optical performance. 
This aspect is discussed more fully in Chapter IV. 
It must however, be emphasised that a set of results based 
on the measurement of some 29 lens elements was later made 
available. 
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As for the requirement (b)9 a clarification of exactly what 
is meant by "optical performance" is needed. A detailed 
discussion on this topic is available in the next chapter. 
2.22 
CHAPTERIII 
OPTICAL SPECIFICATION 
CHAPTER III 
OPTICAL SPECIFICATION 
In general only one surface of a lens is aspherised. The other 
surface of the lens may be flat or spherical in shape. The 
spherical shape is in general tested by using Newton's Ring 
method. High reliability of test is achievable, since the 
"rings" are in the visible region and hence of comparatively 
lower wave length than I R. 
The aspheric side in general does not lend itself to Newton's 
Ring method. Apart from the method described earlier no other 
reliable mechanical test is done. The quality of the lens will 
hence be judged by the optical performance of the lens element. 
3-1 
What is Optical Performance 
The function of an optical system is to produce the image of a 
given object as clearly as possible. This requirement immediate- 
ly implies subjective judgement of an image and hence indicates 
the difficulty in quantitative measurement of image quality. 
To complicate the matter furtherg the requirement from one 
image-is not necessarily-the same for another image; for 
example the features of an image which are, of importance in 
military work may be relatively unimportant in another application 
area. 
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Despite diversities of this nature some form of standardised 
approach which defines optical performance, is required. 
Suitable instrumentation can then be designed to measure 
optical performance according to specification. 
A logical approach is to consider the light from the object to 
be made up of a set of point sources. A perfect image would 
be produced if each object point produced an exactly similar 
point at the corresponding position in the imaget with 
amplitude, size and phase adjusted to take into account the 
magnification if any. 
In practice the image of a point is not a point. It is gene- 
rally spread out. Further, the manner in which it is spread 
out may vary from one position to another in the object. 
Never-the-less, the intensity distribution of the image of a 
point source must reveal important facts about the imaging 
system. 
3.2 
Point Spread Function 
Thus the intensity distribution function of a point source can 
be used as a basis of comparison between different systems. 
The intensity distribution of a point is called point 
spread function (PSP). The use of PSF as a basis for testing 
optical systems is attractive, because in practice, a npoint" 
3.2 
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source may be generatedg and the intensity destribution i. e. 
PSF can be measured using suitable detectors. In geometric 
terms a "point" has to be infinitely small. When dealing 
with light sources, firstly generation of a perfect "point" is 
impossible. Secondly light consists of several frequencies 
and this fact may be of importance when testing an optical 
system. The property of a source which can be approximated 
to a "point" is called spatial coherence, while the possession 
of a single frequency is called "temporal coherence". Generally 
a thin laser beam meets both these requirements from practical 
point of view. Even so, in non-coherent systemst a point is 
regarded as a small circle: 
X 
Thus the intensity distribution in the image may be-measured 
in X or Y direction or any other direction given by the combina- 
tion of X. Y directions. 
3-3 
Line Spread Function 
To simplify matters, howeverg only one direction may be 
considered. An illuminated thin slit is hence used as a single 
dimensional object, The intensity distribution of the image 
when the object is a thin slit is called a line spread 
function (LSF) (see Fig- 3-1)- 
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The LSF consists of two effects: 
(a) Diffraction effect due to the lens aperture whi. ch'has" 
nothing to do with the lens aberrations. Bigger the aperture, 
thinner is the LSF. For relatively large apertuiesg this 
effect is negligible. A system in which such an effect might 
play a prominent part is called, diffraction limited system. 
(b) The LSF will be broadened by the aberrations of a lens. 
A lens which has no aberrations is only diffraction limited. 
In fact the normalised LSF may be regarded as an impulse 
response of the system. Thus if the impulse response of the 
system can be found by measuremento the output for any other 
input may be found by the convolution of LSF and the given-, 
input (see Fig- 3.2). An object may therefore be considered 
of several single dimensional sources of different amplitudes. 
The compsite output would then be convolution of inputs and 
the LSF. In practice, the detectors measure energy, hence it - 
is important to differentiate between amplitude and (amptitude )29 
in mathematical expressions. 
In general an impulse function is used to model a condition 
where a large amount of, energy is associated with a very small 
duration of time. In opticsq a very thin illuminated slit is 
associated with a large amount of energy-concentrated in a 
very small space. 
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Since the Fourier Transform (FT) of an impulse function leads to 
the concept of frequency in the time domaing the PT of LSP leads 
to the concept of spatial frequency. This fact is of great 
importance because: 
(a) A lens (or optical system) test specification can be 
directly formulated in term of LSF (see example for Irtal 3, 
(trade name) system). 
(b) The powerful analytical tool of Fast Fourier Transform 
(FFT) can be applied and concepts such as frequency response 
etc. can be practically realised. 
3-4 
Fourier Theory 
A well known result of Fourier theory is that a signal f(t) 
can be considered as made up of several sine waves of different 
frequenciest which vu-ry in phase and amplitude. 
Similarly, a given distribution of intensity in the object 
plane of an optical system can be considered as arising 
from superimposed sine waves of different spatial frequencies. 
Thus a simplest object in optical terms would be a grating 
which produces a sinusoidal distribution of light. If we 
consider a one dimensional distribution of light f(u) where 
u has dimensions of distance. Mathematicallyt this can be 
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expressed as: 
+0113 
f(u) - 
fF(s)e 
217jsu ds where s is spatial frequency. 
- 0-2 + V7, 
Notice the similarity with f(t) 
F(jw)e jwt dw 
F(s) is a complex function of spatial frequency s. 
The image is linearly related to the object. Hence a 
particular spatial frequency in the image is linearly related 
to the corresponding frequency component in the Oject. Thusp 
the distribution intensity f1 (u) in the image can be built 
from sine waves and a function Fl(s) also exists for the 
image. The linear relationship may then be expressed as 
f ollows: 
I (s) - D(s) F(s) 
where D(s) is a complex function of s and is independent of 
value of F(s) 
F1 (S) output Thus D(s) m 
F(s) input 
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OTF AND MTF 
D(s) is hence a transfer function and appropriately called 
optical transfer function (OTF). 
The OTF suitably normalisedg is in fact the spatial frequency 
response of the system. Since OTF is a complex functiong it 
has magnitude and phase. The magnitude (or modulus) is referred 
to as modulation transfer function (MTF) and the argument is 
called phasetransfer function (PTF) 
= 
Fl(s) output Since D(s) 
- 
F(s) input 
an object f(u) could be chosen so that F(s) - 1; for such a 
conditions 
D(s) -F1 (S) 
What object should then be chosen such that F(s) - I? 
Thus 
f(u) 1e J217su ds. 
CPO 
From the distributing theory f(u) -K 
k(u) 
Such an object is a very narrow bright line i. e. a slit and 
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its image fI Wt would hence be the LSF as mentioned 
earlier. Indeedo the OTP is equal to the Fourier transform 
of the normalised LSF (see Fig- 3-3). This relationship 
forms the basis for one of the most commonly used methods 
of measuring OTF# or MTF of an optical system. 
3.6 
Advantages of OTF 
(a) The OTP of a system can be measured in an objective 
manner so that the results of measurements can form a basis 
of comparison between differing systems. 
(b) Since the OTF in most cases can be theoretically 
prediticted from the design data a system can be designed 
to meet an image quality criterion specified in OTF terms. 
(c) In practice* an optical system consists of several 
lenses and indeed several subsystems cascaded. The OTF of a 
complete incoherently coupled system can be calculated by 
cascading OTFs of the individual sub-units (see Fig- 3-4). 
Purtherg this cascading process can include transfer function 
of purely electronic units such as amplifiers, etc. provided 
suitable constant is applied to convert temperal frequencies 
to equivalent spatial frequencies. OTF9 can also be obtained 
by doing the familiar frequency response test on a system, 
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Hence the input has to be an object which has a single 
dimentional sine wave distribution of intensity, i. e. sinusoidal 
grating. Thus for spatial frequency '8: 
the object f(u) A(l +a. Csirý-(Ursu + 
and the image f (u) -A (i + A-sin'-, (2TIsu +-0 
A and A1 are functions of average intensities in the object 
and image plane. 0 and 01 are the phase terms indicating 
the relative positions of the grating and its image 
respectively with respect to some fixed reference. It can 
be shown that MTF - 2! 
ý 
. where Cot, is defined as 
Of, 
contrast 
I max -I min 
I max +I min 
The term I'modulationn hence becomes very much more appropriate. 
The PTF is given by (0 - 01). Thus by using a range of 
sine wave gratings of different spatial frequencies and known 
contrasts several objects can be presented to the system 
under test. The output contrasts and phases can be measured. 
Thus the MTF and PTF can be obtained directly from the 
frequency response test as well. 
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A traditional optical bench is shown in the photograph of 
Fig- 3-5. A modern automatic optical test bench is shown in 
photograph of Fig- 3.6. In principlej the image of a thin 
slit is scanned by a suitable detector. The output of the 
detector can be converted directly to MTP or the LSF may be 
digitised and FFT found by using another computer. 
The photographs of Figs- 3-7 and 3-8 show an Irtal 3 lens 
system and its specification curves* Figure 3-9 shows a 
typical measured LSFt while Fig- 3-10 shows typical MTF 
curves. 
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OTF TEST EQUIPMENT 
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AUTOMATIC OTF TEST STATION 
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CHAPTER IV 
OPTICAL PERFORMANCE/PROFILE ERROR 
From the preceding discussion two important questions arise: 
(a) For two identical systems, if the MTF curves vary9 which 
of the two curves signifies a "better" performance. For 
example the curves shown in the Fig- 4-1 could pertain to two 
similar systems. The first curve in general has higher modulalLow% 
values for different spatial frequenciesq but displays 0 
modulation beyond spatial frequency 'a'. The second curve on 
the other handq might in general have lower modulation for 
most spatial frequenciesq but frequencies beyond 'a' display ýj%xttv- 
values of modulation. 
4.1 
Resolution and Contrast 
If we consider 2 LSFs side by side as shown in Fig. 4.2 the 
distance Id' is a measure of the resolution of system* If the 
two corresponding object slits were brought closer togetherp 
the images might merge and hence loss of resolution would 
occur. It follows therefore that for best resolution the ISF 
should be as "thin" as possible. Since the OTF is Fourier 
Transform of the ISF9 reducing the width of the LSF introduces 
additional spatial frequency components in the corresponding 
OTF (see Fig- 4-3)- Hence from resolution point of view the 
2nd curve (MTF) may be classified as better. If this is 
done at the cost of the amplitude at various spatial 
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frequencies, then a loss of contrast will occur. This is 
obvious from the fact that MTF is a "modulation". transfer 
function (see previous chapter) and reduction of modulation 
will result in loss of "sharpness" of the image. A higher 
resolution system which suffers from poor contrast, will allow 
detection of finer detail in the image, but the image will 
lack "sharpness". On the other hand a high contrast but poor 
resolution results in loss of finer detailq although the 
image may be "sharp". 
Thus the MTF curve gives information about contrast and 
resolution. Purther, by merely looking at the two curves of 
Fig. 4-1 it cannot be decided which is the better curve. The 
answer would depend on the application of the system. 
The customer generally provides the value of modulation 
required at several points and hence the manufacturer has a 
specification MTF curve. For example a customer may specify 
4 points of MTF. A lens designer can thus utilise this 
information to produce a "theoretical" model of the optical 
system on computer. In addition the MTF of the theoretical 
system may be computed and compared with the required MTF. 
The designer can thus "adjust" other physical parameters of 
the system (e. g. lens radii, etc. ) until an acceptable MTF 
curve is obtained. 
4.5 
4.6 
4,2 
Software Design Model 
One such program which has been used in the past at Rank Taylor 
Hobson to design Irtal 3 system is called GOTF (geometrical 
optical transfer function). In principlet for a given optical 
system the program traces a bundle of rays and generates the 
corresponding MTF. An initial study of an optical system may be 
therefore made without committing any hardware. Sinceq the 
geometry of lens elements and the corresponding required 
MTF of the system is known, the effect of introducing selected 
errors on chosen lens elements may be observed. 
While the main advantage of this approach is obvious there 
are important limitations to be recogniseds 
(a) The type of errors which can be simulated with ielative 
ease may or may not represent realistic machining error 
during production cycle. 
(b) The simulation of very small errors may not be a 
sufficiently accurate procedure since the software model 
itself may rely on small approximations* 
(c) The observations may/may not apply to systems in 
general. 
However, in order to get an estimate of sensitivity between 
4.6 
4.. 7 
the profile error of a specific lens element and the corres- 
ponding MTFq the GOTF software can be useful. As an example, 
for a given system the optimum design may be represented by 
the MTF curve of Fig. 4-4 If then any of the aspheric 
terms on a given lens are changedq the corresponding effect 
on the MTF may be observed. If then any of the aspheric terms 
on a given lens are changed, the corresponding effect on the 
MTF may be observed. 
4.3 
Introducing Errors 
The machining errors during the production cycle would result 
in the modification of the coefficients A 2' A41 A 69 etc, 
in the 
9A y2 +t 11 
6 10 
equation 24 y4 + AJ +A8 Y8 +A 10 Y 
Since the 
machining of the lens is inherently a symmetrical processt the 
coefficients arising from any non symmetry can be regarded as 
small and hence negligable. In any event, to introduce odd 
terms in the above expression would demand major changes to the 
software model. 
To get an initial "feel" of the modelp the simplest step would 
be to modify one of the coefficientat say A2 by a small amount 
say 10% and examine the corresponding MTF. 
For simplicity only axial image is considered 
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Figure 4--4 shows the MTF for normal unaltered system while Fig. 
4-5. and Fig- 4.6 show the MTF with the A2 and A4 term modified 
respectively only by 10%. The serious degradation in the MTF 
which results by only a relatively small change in the 
aspheric equation illustrates the accuracy required in machin- 
ing the required surface. Changes of a similar magnitude in 
the other coefficients produce equally devastating results. 
Apart from illustrating the importance of accuracy, this 
approach has little to offer. The actual machining process is 
unlikely to introduce errors which modify only one term. 
4.4 
Expected Errors 
The axis of rotation of the machine is generally the reference 
axis. Hence before actual cutting of the material commencesy 
the centre of the lens element has to lie on the axis of 
rotation. This is a fairly skilled operation. 
One would hence expect minimum errors in the centre region of 
the lens. In addition, the rays of light deflect the least in 
the centre of the lens and a small error in this region might 
be tolerable. The stiffness of the machine is likely to be 
higher towards the middle of the chuck. Hence as the machin- 
ing proceed towards the periphery of lens, bigger errors in 
profile are expected. This situation is illustrated in Fig- 4-7. 
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POSSIBLE ERRORS IN MACHINING 
FIGURE 4.7 
4.12 
MACHINED CURVE 
4.13 
A second source of error might result due to machine vibration 
or small amount of wear in machine slides. This situation is 
illustrated in Fig- 4-8. 
Such errors may even be introduced later on during the polish- 
ing phase of the lens element. 
4.5 
Using Cheb1chev Polynomials 
A relatively straight forward method is required such that the 
errors described in the above section can be modelled without 
significantly changing the aspheric equation. 
A set of chebychev polynomials may be utilised to represent 
approximate forms of the desired error curves. A generalised 
chebychev polynomial could be representedg as follows: 
c2 S2 +C4 S4 +C6 S6 +C8s8+C 10 s 
10 
where C2***C 10 represent the coefficients. Fig. 
4.9 
shows a set of 4 normalised curves, which can be represented 
by suitable choice of the coefficients. The values of the 
coefficients which correspond to the normalised curvesl which 
can be represented by suitable choice of the coefficients, The 
values of the coefficients which correspond to the noimalised 
curves is shown in the Table of Vig- 4-10- 
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4.17 
By suitable scalingg one may choose the required magnitude of 
the error. Any error type A to D may be chosen. As an example 
consider the curve 1) from Fig- 4-9. Point 0 may be considered 
the centre of the lens. Practical shop floor experience suggests 
that working tolerance of some 3-5 "rings" in visible 
spectinim is generally acceptable, 1 ring - . 25, um- 
An error of some ten rings (2-5 um)t may represent a realistic 
figure. The lens radius is 70 mm and all the dimensions are 
quoted in mm. Thus an error function can be represented as 
in Fig- 4-11- 
The resulting equation after suitable scaling procedure is: 
2.0420495 x 10-6 S2 4.16744803 x 10-10 V, 
4 
adding this equation to the optimised aspheric equation yields 
(X + e) » (A2 + 2.0420495 x 10 -6) s2 (A4 - 4.16744803 x 10 -10 S4 
A6s6+A8S8+A 10 s 
10 
The modified form of aspheric is used to generate the corresponding 
MTF. Fig- 4-12 shows the MTF after the error has been introduced. 
The resulting curves show serious degradation of MTF at mid spatial 
frequencies. 
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Several different error forms are simulated in this wayg keeping 
the maximim error at 10 rings (2-5 jum). A particularly note- 
worthy case is of error form type C (see Pig- 4-13 ). The 
resulting degradation in the MTF appears to be particularly 
severe. 
The shop floor practical experience suggests that a working 
accuracy of some 3 rings usually results in acceptable optical 
performance. The maximum error is hence reduced to 3 rings and 
the experiments repeated. In fact the MTFs thus obtained do not 
appear to deviate too far from the optimised curves (see Fig- 4-149 
4-15)- 
At this stage a more rigorous analysis of the results might be 
possible. However, such analysis is not particularly valuable 
from practical point of view. 
The inference from the preceding text may be summarised by the 
following points: 
Errors of the order of 10 rings (2-5 um) have a noticeably serious 
effect on the MTF. 
(a) In general errors of type "single bow" have less severe 
effect on the MTF when compared with errors of type "double bow". 
(b) Errors with maximim magnitude of 10 rings (2-5 um) have a 
serious noticeable effect on the MTF curves* 
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(c) Rrrors with maximum magnitude of 3 rings (. 75 ý=) are 
tolerable. 
4.6 
MTF (energy) 
In addition it is obvious that the degradation of the MTF 
curve invariably reduces the area under the curve, Since the 
MTF is the Fourier Transform of the LSFO this area represents 
energy. Thus the bebt focus condition for a lens under optical 
test must correspond to maximum energy. The area under the 
curve, therefore, provides us with a very convenient, single 
quantity measure of optical performance. 
In subsequent chapters the optical performance will be taken 
to mean the area under the MTF curve and will be denoted as 
MTF (energy). 
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CHAPTER V 
PRACTICAL MEASUREMENT OF THE ERROR PROFILE 
In order to mechanically measure the error profilep an 
instimment is required which is capable of: 
(a) Storing the required profile 
(b) Measuring the actual lens profile 
(c) Computing the difference 
(d) Displaying the error profile on a chart, etc. 
In principle these tasks appear straight forward, but the 
practical realisation of them is by no means simple. Distances 
of some 3 rings (or less) were mentioned in the previous 
chapter. For a given lens the distance between the apex and 
the periphery could be several millimeters. Hence the trans- 
ducer and the instrumentation must maintain a very high 
resolution. In addition a suitable arrangement to scan the 
surface of the lens with the transducer is needed. This in 
turn may introduce other errors. 
5-1 
Form-Talysurf Measurement System 
The detailed description of an instrument which gives us the 
required data is not of direct relevance. However, since 
such an instrument is novel and without it the research would 
be impossiblep the principle of operation is described here. 
A schematic of the measuring system is shown in Fig- 5-1 
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(also see AppendixD )* The stylus consists of a pivoted 
pick-up arm, suitably attached at the other end to an inter- 
ferometric transducer. The output of the transducer is 
suitably processed to yield a digital signal. 
When a lens element is placed on the table to be measuredv the 
axes of the component do not exactly coincide with the axes 
of the machine (see Fig- 5.2). Some set up error is taken 
out by mechanical adjustmentq but small amounts of residual 
errors have to be taken out by suitable data processing. In 
principle the following steps are taken: 
(a) A data file of some 1000 coordinate points is made by 
traversing the table so that the transducer scans the full 
test surfaces A suitable correction is applied to this data 
to account for the geometry of the pick-up assembly. 
(b) The specified asphere is then fitted to the data. An 
estimate of the angle of tilt and the X and Y coordinates is 
I obtained. This correction is applied to the measured data. 
(c) The specified asphere is then subtracted from the 
measured data and an error profile is generated. 
5.2 
Error Profiles of a Production Batch of Lenses 
A batch of 30 lenses manufactured under normal production 
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conditions was chosen to provide the error profiles. The 
convex side of the lens is aspherised while the concave 
side is spherical. The approximate dimensions of the lens 
are shown in Fig. 5-3. For each lens there are three sets 
of measurement. Traces T1 and T2 are taken at mutually right 
angles to each other on the aspheric side. They are expected 
to be identical. Howeverg there may be small variations. 
T1 and T2 are hence averaged to reduce experimental errors to 
a minimum. Since the errors on the spherical side will also 
affect the optical performanceq a trace of the spherical side 
T3 is taken as well. Thus for each lens there are 3 files. 
The errors on the spherical side are added to the aspherio 
side to generate a composite error profile for each lens. 
Some typical examples of T1. T29 and T3 are shown in Figs. 
5-4 to 5-11- For each of these four lenses the results of the 
optical test in form of MTF curve is also available as 
shown in Figs- 5-12 to 5-15- 
However, it should be pointed out that the MTF curve infactq 
represents the test of a system in which the lens is the 
test element. To arrive at a true MTF curve various correc- 
tions would have to be applied. Fortunately, this is not 
necessary since all the lenses are measured by the smae 
process and it is the relative performance of the lenses 
which is important rather than the absolute performance. 
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The area under the curve KTF (energy) for each of the lenses is 
also available. In order to utilise these results effectively 
a suitable strategy to handle the error profiles is needed. 
This aspect is investigated in the next chapter. 
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CHAPTERVI 
DATA ANALYSIS 
CHAPTER VI 
DATA ANALYSIS 
6.1 
Qualitative Observation of the Data 
The first noteworthy point is that none of the lenses are infact 
rejects because of poor optical performance. Secondlyq the 
error on the spherical side is much smaller than the aspheric 
side. Judging the optical performance on the "area" criteriong 
the optical performance varies only by a small amount., We are 
thereforeq looking for a mechanism to correlate optical per- 
formance as characterised by area under the curve with some 
parameter derived from the composite error curve. 
In chapter IV certain types of "artificial error" forms were 
modelled on the Ray Tracing MTF programme to study the effect 
on the resulting MTF. Since we now have "real errors"v one 
logical approach would be to impose these errors on the 
software and examine the output MTF. 
Another approach is to generate various parameters from the 
profile error and attempt to establish correlation between 
such parameters and the MTF (energy). 
6.2 
Mathematical Representation 
In either of these cases a mathematical representation of 
6.1 
6.2 
the error profile would be required. With this view in mind 
"Nag Routines" supported on the Burroughs machine were used to 
fit suitable polynomials to the error profile. The lens 
design software could only cope with polynomials upto 10th 
order. Upto 10th order polynomials were fitted to some 
profiles. A few profiles together with their respective least 
square errors are shown in Figs. 6.1 to 6-3- Inspection' 
reveals that even the 10th order fit is inadequate for the 
worst of the cases. In order to reduce the least square 
error significantly and to maintain the "character" of the 
profile, higher orders were tried. Typically a polynomial 
of some 30th order is needed to at least visually resemble the 
original error profile (see Figs. 6.4 - 6.6). Such high orders 
make it impractical to simulate the error profile on the Ray 
Tracing/Lens design Rank Taylor Hobson programs. 
Never-the-less the polynomial representation of the profile 
error does allow us to generate the "slope" related parameters. 
The process of analytical differentiation using the fitted 
polynomials represents a fairly straight forward task. Initiallyq 
several parameters were derived. The most straight forward one 
is the average error. In response to the belief that it is the 
slope of the error profile which is critical to lens perform- 
ance average slope of the profile was also derived. Howeverg 
none of these parameters revealed much correlation with the MTF 
(area under curve). It is hence concluded that there is little 
this approach has to offer. 
6.2 
6.3 
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6-3 
Harmonic Content of the Signal 
Thus, it became necessary to examine other ways of represent- 
ing the error profile. Typically the error profile consists 
of: 
(a) Slow variation 
(b) Localised features e. g. peaksg troughs# etc. 
(c) High frequency noise 
Each error profile may be regarded as a signal. The signal 
can be unambiguously represented by its frequency contentv 
which is bound to take into account the features mentioned 
in (a), (b) and (c) above. The availability of Fast Fourier 
Transform (FFT) software makes this task relatively easy. 
Since there are about a 1000 data points per error profileg 
we can go up to 512 harmonies. Whether all the 512 harmonics 
need to be considered raises an issue for further investiga- 
tion. 
6.4 
Information Content 
In principle the variation of MTF (energy) from one lens to 
another must be due to the corresponding variation in the 
characteristics of the error profile. Further, the variations 
in the error profile must be characterised by the variation in 
the harmonic content of the signal. Thus, for a given set of 
6.9 
6.10 
profiles the harmonics displaying maximum variation must be 
the ones containing the maximum information. The harmonics 
which show very little variation can therefore be discarded 
without a serious loss of information. These facts provide 
us with a simple yet effective method to perform data 
compression on the error profiles. 
The harmonic content of each error profile is obtained by 
using the FFT program. The variance (or standard deviation) 
for each harmonic was then found. A set of such results are 
shown in the Table of Fig. 6-7. A sort program is used to 
arrange the standard deviation in descending order of 
magnitude (see Table of Fig. 6.8). The same result is 
depicted in a graphical form in Fig. 6.9. Thust it may be 
deduced, that each error profile could be represented without 
significant loss of information by utilising the first few 
harmonics. This is a satisfying result9 since the experience 
of optical engineers suggests that very high frequency 
components on the surface of the lens do not contribute to 
the image distortion. The high frequency noise merely reduces 
transmission. 
6-5 
Validation 
In order to validate the preceding discussion, the error 
profile for each lens was first re-constructed using only 
If 
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ORDER HARMONIC 
No. 
STANDARD 
DEVIATION 
PERCENTAGE 
1 1 0.47754F-04 100.000% 
2 2 0.19389F-04 40.60% 
3 3- O-10871E-04 22.76% 
4 5 0.45574E-05 9.54% 
5 4 0-35133F-05 7.36% 
6 7 0.22677E-05 `4-75% 
7 6 0.2205OE-05 4.62% 
8' 11 0.16576F-05 3.47% 
9 10 0.14485E-05 3-03% 
10 8 O-13926E-05 2.92% 
11 20 0.13781-05 2.89% 
12 13 0.13481E-05 2.82Yo 
13 9 0-13136E-05 2-75% 
14 12 0-1181BE-05 2.47% 
15 108 0-11756F-05 2-46% 
16 418 0.11477F-05 2.40% 
17 21 0-11309F-05 2- 37Yo 
is 22 0.11136F-05 2-33% 
19 286 0-1078BE-05 2.26% 
20 249 0-10702E-05 2.24% 
SORTED STANDARD DEVIATIONS 
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6.14 
the lot harmonic. The least square error from the original 
profile was computed. This procedure was repeated by 
increasing the number of harmonics by one. A set of typical 
results is shown in tabular and in graphical form in 
Figs. 6.10 to 6.15. A typical set of reconstructed error 
profiles using first 10 harmonics9 are also shown in 
Figs. 6.16 to 6.18. This representation hence appears to be 
fairly satisfactory. 
The reduction of optical energy i. e. area under the MTF 
curve is due to the error profile. It is therefore best to 
consider the energy content of each harmonic rather than its 
amplitude. There is a further advantage; the full description 
of a signal consists of not only the amplitude but also phase. 
By using energy the need to deal with the phase is eliminated. 
The total energy vi-- a12+a22+a32+. *. an2 
where a1a2'**an are the amplitude values. From the 
previous discussion if the first 10 harmonies are considered 
to contribute the total energy then the penalty in terms of 
accuracy is small. The energy in each harmonic can then be 
represented as percentage of the total. By the way of example 
a section of such results is shown in the table of Fig. 6.19. 
Since the dominating harmonics are the first 2 or 3 harmonicsq 
one might expect some correlation between the lower order 
6.14 
6.15 
No. OF LEAST 
HARMONICS SQUARE ERROR 
1 0.147603E+05 
I to 2 0.400547E+04 
1 to 3 0.694581E+03 
I to 4 0.870661E+02 
1 to 5 0.854211E+01 
1 to 6 0.687414E+00 
1 to 7 0.455526E-oi 
1 to 8 0-301798002 
1 to 9 0.270886F-03 
1 tolo 0-722102F-04 
REDUCTION IN LEAST SQUARE 
ERROR WITH INCREASING 
HARMONICS - LENS A7 
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No. OF LEAST 
HARMONICS SQUARE ERROR 
1 0.623514E+05 
1 to 2 0.169200E+05 
1 to 3 0.293411E+04 
1 to 4 0.367754E+03 
1 to 5 0.361053F. +02 
1 to 6 0,28go66E+ol 
1 to 7 0.197002F, +00 
1 to 8 0.111603F, 01 
1 to 9 0.6797743-03 
1 tolo 0.124284F-04 
REDUCTION IN LEAST SQUARE 
ERROR WITH INCREASING 
HARMONICS - LENS A9 
FIGURE 6.12 
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No. OF LEAST 
HARMONICS SQUARE ERROR 
1 0.142364E+06 
1 to 2 0-386325E+04 
1 to 3 0.669932F, +04 
1 to 4 0.839675F, +03 
1 to 5 0.824360E+02 
1 to 6 o. 660095E+01 
I to 7 0.449448E+00 
1 to 8 0.255392-01 
1 to 9 0.151487E-02 
1 tolo 0.948492F-05 
REDUCTION IN LEAST SQUARE 
ERROR WITH INCREASING 
HkRMONICS - LENS Al 1 
FIGURE 6.14 
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6.25 
harmonic content and the MTF. 
The relative harmonic content versus MTF suggests little 
correlation (see Figs. 6.20 to 6.22). It is obvious that 
there may be other factors which need to be considered. 
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RADIUS WEIGHTED PARAMETER 
CHAPTER VII 
RADIUS WEIGHTED PARAMETER 
In light of the work already performed-. a more searching look 
at the error profiles was needed. 
7.1 
Wavefront Error 
One of the primary functions of a lens is to to convert plane 
waves into spherical wavefronts (see Fig. 7-1)- Any error on 
the surface of the lens can'therefore be expected to be present 
in the output wavefront. In other words the error profile is 
the wavefront error. In this respect there are two points of 
interest: 
(a) A special case of such error might be small deviations in 
the radius of curvature of the lens profile. The effect of 
this error is merely to shift the focus point, as illustrated 
in Fig- 7.2. Provided this error is relatively smallq it can 
be corrected simply by adjusting the lens position for best 
possible focus. This would correspond to maximum intensity 
(and hence energy) at the focus point. The MTF would therefore 
be independent of such an error. A mean line can hence be 
fitted to the data of interest (-7 mm to +7 mm). The effective 
error at any point on the lens can then be computedq as shown 
in Fig- 7-3- 
(b) The energy transmitted by the lens is not uniform across 
7.1 
7,2 
C13 
P4 
E(I 
P4 
,A 
P-4 
Pr4 
P4, 
7.2 
7-3 
0 C%j P4 
P4 
P4 
P4 
P41 
z 1-4 
7.4 
ER 
tl- 
P4 
r- 
7-4 
7.5 
the surface of the lens (consider Fig- 7-4). Two elemental 
rings of thickness dr are shown at radial distance of R1 and 
R2 ýnote this radial distance is not radius of curvature 
mentioned earlier). The energies transmitted through these 
rings would be proportional to their respective areas A1 and 
A 2* Since the area A of any such element ring at radial 
distance R 
A-2 IIr (fr 
the corresponding energyvOC R. 
Hence, deformations of the lens profile at higher values of R 
must have a more serious effect on the MTF than deformations 
at lower values of R. Any mechanical parameter derived from 
the profile must therefore take this fact into account. 
Such a parameter ought to show correlation with the MTF. A 
straight forward method would be to derive a radius weighted 
mean error. 
7.2 
Radius Weighting 
A parameter named - radius weighted wavefront error (RWWE) was 
derived in the following way: 
A straight line was fitted to the composite profile. The radius 
weighted wavefront error was then derived by weighting each 
7.5 
7.6 
R2 
-1 
,R 
LENS 
PERIPHERY 
RADIAL DISTANCE ON LENS SURFACE 
FIGURE 7.4 
7.6 
7.7 
error value by its corresponding radial distance from the 
centre. 
n-N 
where N is the Thus UWE -_Rx Onj 
N 
ý. - I 
%% 
n-1 
total number of error values considered* The radius weighted 
wavefront error (RWWE) for each lens together with MTF (energy) 
is shown in a tabular form in Fig- 7-5. A corresponding spot* 
diagram is shown in Fig- 7.6. The inspection of the spot 
diagram suggests a rather general reduction of MTF with 
increasing RWWE. This observation at least points towards 
the right direction as far as the relation between RWWE and 
MTF is concerned. 
However, the correlation between RWWE and the MTF figure turned 
out to be rather low - -0-17. Since the underlying trend 
appeared to be as expected, it was concluded that there has to 
be some secondary effect which the parameter such as RWWE 
has failed to take into account. It was hence decided to fit 
" suitable function to the spot diagram. with a view to make 
" more detailed study of this aspect. Perhaps a straight line 
fit might be suitable. It isq howeverg highly unlikely that in 
a practical situation the value of RWWE would become 0. At 
the same time it is highly unlikely that the MTF value would 
be 09 even for worst of the lenses. A search, therefore, 
was made for a suitable type of function. 
7.7 
7.8 
LENS No. MTF (ENERGY) RWMR 
3 0.1793 0-402F-03 
4 0.1823 0.270F-03 
5 0.1780 0-350F-03 
6 0.1773 0.164F-03 
7 0.1828 0.284F-03 
9 0.1782 0.246F-03 
10 o-1813 0-410-03 
11 0.1795 0-393E-03 
12 0.1802 0.121E-03 
13 0.1819 0.290F-03 
14 0.1807 0-147F-03 
15 0.1796 0.257F-03 
16 0.1801 0.203E-03 
17 0.1813 0-148E-03 
18 0.1780 0-811E-03 
19 0.1812 0-367E-03 
20 0.1813 0.122F-03 
22 0.1781 0.249F-03 
23 0.1813 0-147E-03 
25 0.1814 0-152E-03 
26 0.1823 0-144F-03 
27 0.1787 0-177E-03 
28 0.1785 0.601F-03 
29 0.1783 0-436F-03 
30 0.1791 0080-03 
31 0.1813 0.504F, -03 
32 0.1794 0-509F, 03 
33 0.1813 0.896E--03 
34 0.1774 0-331F-03 
MTF (ENERGY) AND CORRESPONDING RWWE 
FIGURE 7.5 
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7-3 
Fitting afunction 
Several different types of functions were fitted to the data, 
and the least square error computed in each case. A function 
with least square e=ror was chosen. The Table in Fig- 7-7 
shows the type of function chosen and the corresponding value 
of the least square error. The function of the type 
A+ B/X was hence fitted to the data as shown in Fig- 7-8- 
7.4 
Turning Points 
An initial pilot study. with a limited number of lenses 
suggested some relation of the MTF with the number of turning 
points in the error profile (see Appendix C). While the 
magnitude of the error is reflected in the parameter RWWF. 9 
the number of turning points would not be accounted for. 
Suitable polynomials had already been fitted to the error 
profiles (Chapter VI). In order to find the number of turn- 
ing points for any profileg the corresponding polynomial is 
differentiated twice to yield the first and second slope. 
The point at which the fýtst- differential is 0 marks the 
turning point. The number of such points in any given profile 
can be counted. 
If we assume that the poor correlation of RWWE with MTF is 
7-10 
7.11 
FUNCTION TYPE LEAST SQUARE ERROR 
y. Ax 0.109 E-5 
A+ Bx 0.107 E-5 
y= Ax 
B 0-113 E-5 
y-A+ B/x 0.105 E-5 
y- '/(A + Bx) 
0.125 E-5 
Ym10.126 E- 
(A + Bx) 
BEST FIT FOR RWWE VERSUS MTF 
FIGURE 7.7 
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7.13 
related in some way to the turning points, we need an 
quantitative estimate which may be used to modify the RWWE. 
The first step in this connection was to establish a deviation 
of RWWE from its expected value, for each lens. This devia- 
tion was expressed as a percentage of the origianl RWWE. 
Thus each lens can be associated with a percentage which 
represents the difference between the actual RWWE and the 
expected RWWE. This percentage figure has been called 
residual error (See Fig- 7-9). 
In order to relate this residual error to the number of turn- 
ing pointsv a table of the residual errors together with 
corresponding number of turning points is derived. This 
information is shown in Fig- 7-10- (Note. Since the error 
profile is regarded as symmetrical, only half the total number 
of turning points were used in each case). Most lenses with 
2 or more turning points have a positive sign for the residual 
error while lenses with fewer turning points have a negative 
residual error. This observation when referred to the original 
RWWE versus MTF curve shows broadly 2 classes of lenses - one 
with higher number of turning points below the fitted curveg 
while the others above the fitted curveg as shown in Fig- 7-11- 
This leads to an inference: that where there are relatively 
large number of turning points, the RWWE has been underestimated, 
7-13 
m 
0 ý--f E4 
EA 
E-4 
H 
P4 
7.14 
0 
ri 
C. ) 
0 
P4 
E-4 
E-4 
ID 
11" mm 
0 
P4 
i! 
ol 
rZ4 
0 
Z 
0 
E-4 
4 
11 
PLO 
7-14 
7.15 
-A 0 -4-4 31 'D npTS, 3 ýj 
OD 
Cf) Ln 
Ln 
n 
0) 
N 
-u 
C: 1) 
0I 
C-, 
f-I 
7.15 
CD C: ) CD CD CD CD CD CD LYD CD Lf) LO CD C\j 
7*16 
-t 
C-, 
C 
LI 
:3 
cr) I CD --Eý CD CD CD CD m CD C"i 
x Cý CD CD CD 
3' M* M, ýj 
7.16 
03 
cli 
I 
CD 
CD 
cl-i X 
OC) 
C: ) 
Lij 
0c) 
LL 
Z' 
CD 
CD 
00 
CD 
01) 
CD 
03 
r- 
CD 
I- 
I r- 
CD 
CD 
CD 
0 
0) 
ý_- W -4 
( c- 
0 1-1 
u0 
n 
U) 
0 
CL (L 
00 
(7 
0 
u 
CL 
. -I 
W 
U) 
ci 
'-I '-I 
C, 
7.17 
and where there are fewer turning points, the RWWE has been 
over-estimated. Even on this evidence, it would be fair to 
say that a lens displaying largish RWWE and more than a usual 
number of turning points is likely to be a poor lens with 
lower MTF. 
7.5 
Correction Based on Turning Points 
One very simple way to implement a correction factor, is to 
compute an average (or typical) residual error for each of 
the clusters shown in the graph of Fig. 7.10. Thus each 
cluster (class) is assigned with a mean value. The RWWE 
for each lens can then be modified according ot its respective 
cluster. The results are shown in Fig. 7.12. A correlation 
between modified RWWE and the MTF is computed and turns out 
to be - 0-30- 
The correlation MTF and RWWE (unmodified) - - -17 
The correlation MTF and RWWE (modified) - - -30 
While the correlation after modification is still a low figure 
at - -3, the improvement due to the modification is almost 100%. 
Attempts can be made to improve the correction factor by 
utilising more rigorous approach. In additionp other features 
may be examined. For exampleg the radial distance at which 
the turning point takes place may have a bearing on the 
residual error. Simple inspection reveals that high residual 
errors seem to be associated with not only the number of turn- 
ing pointsl but also with bigger radial distances. This line 
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of enquiryq seemingly reasonablep introduces other 
ambiguities. For exampleg there may be turning points which 
appear much more "severe" while others appear to be "mild"q 
as shown in Pig- 7-13. The exact effect of this feature 
would have to be studied. 
., ý,, Nevertheless, the RWWE 
is, a simpleg yet unique parameter. Purthert 
a correction factor based on the number of turning points also 
covers new, ground. 
A more coherent and rigorous approach is the subject of the next 
chapter. 
7.20 
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TURNING POINTS OF AN ERROR PROFILE 
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CHAPTERVIII 
ENERGY IN LOWER HARMONICS AND RESIDUAL ERROR 
CHAPTER VIII 
ENERGY IN LOWER HARMONICS AND RESIDUAL ERROR 
The discussion in the final stage of the last Chapter was 
mainly confined to the number of turning points in a given 
error profile. However, the number of turning points in any 
error profile must be related to the harmonic content of 
that signal. It therefore follows, that some correlation 
should exist between the harmonic content of the profiles 
and the corresponding residual errors. 
8.1 
Energy in the First Harmonic 
Since the maximum energy is expected to be in the lowest of 
the harmonicsq the lenses were sorted according to the energ-y 
in the first harmonic, as shown in the Table of Fig. 8.1. 
. 
The residual error was then plotted against the energy in the 
first harmonic (see Fig. 8.2). The corresponding value of the 
correlation between the residual error and energy in the 
first harmonic is: - . 7704. This value of correlation is 
obviously a great improvement over previous such figures* 
This suggests that as the energy moves from the first harmonic 
to higher harmonies the residual error increases. 
The value of correlation of - -7704 although respectablet is 
not high enough for practical purposes. A correlation of some 
.8 to .9 could perhaps be a more appropriate figure. 
811 
8.2 
LENS ENERGY % 
lst HARMONIC 
A33 95.4 
Al 8 94.8 
Al 1 94.5 
A10 90.1 
A19 86.5 
A31 85.0 
A29 84.0 
A7 81.8 
A32 78.9 
A13 76.1 
A9 74.1 
A22 6o. 1 
A5 58.7 
A15 49.4 
A16 47.7 
A12 36-3 
A4 35.0 
A25 34.0 
A3 33-4 
A28 33.4 
A26 29.8 
A17 23.2 
A23 19.9 
A14 14.9 
A30 12.1 
A34 12.0 
A27 4.99 
A6 3-95 
A20 3.08 
LENS SORTED ACCORDING TO 
-ENERGY IN lst HARMONIC 
FIGURE 8.1 
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8.2 
Improvement of Correlation 
A closer inspection of the graph of Fig. 8.2 shown previouslyq 
reveals that while a majority of results hug the straight lineq 
in a fairly typical manner, there exists a set of some half a 
dozen results which seem to be far removed from the straight 
line. Had it not been for this set, the correlation figure 
would be much higher. Indeed# by omitting the particularly 
offending cases, a correlation of . 96 was obtained. It is 
unlikely that this deviation is due to noise only. In order to 
study the pattern of behaviour of these lenses, the table of 
Fig. 8-3 may be useful. The "untypical" cases as previously 
observed on the graph of Fig. 8.2 are highlightedv in the 
Table of Fig. 8-3. Two observations can be made in this 
connection: 
(a) In general, the highlighted results display the content 
of energy in first harmonic as being well below the mean 
value (-, -50%)- 
(b) The highlighted results display the content of energy in 
the second harmonic as being well above the mean value ('. 017%)- 
8-3 
Algorithm to Improve Correlation 
These two observations when considered simultaneously can 
certainly provide a means to classify the so called un- 
typical results. Indeed in many cases an above average energy 
8.4 
8.5 
ENERGY Yo IN HARMONICS 
LENS lst 2nd 3rd 4th 5th 
A33 95-4 0.266 3.02 0-403 o. 6og 
A18 94.8 0.918 3.34 0-328 0-437 
All 94.5 0-133 3-79 0.275 o. 66o 
A10 90.1 2-41 5. o6 0-813 0-334 
A19 66.5 2.69 9.27 0.336 0.922 
A31 85-0 2.43 10.5 0.552 0-994 
A29 84.0 7-42 7-03 1.20 0-0704 
A7 81.8 0-379 13-0 0.792 2.95 
A32 78.9 6.27 13.6 0-545 0-347 
A13 76.1 3-52 12-7 2.10 4-03 
A9 74-1 3-50 16-3 1.02 3.76 
A22 60.1 11.4 25.6 0.959 l. o6 
A5 58.7 32.0 0-597 1-52 5.? 7 
A15 49.4 7-74 30.7 1.0 2.82 
A16 47.7 13.8 30.4 1-78 3.76 
2 36-3 7-04 10.2 29.6 o. 165 6 
Aý A ý, 35-0 59-4 1-39 0-849 1-77 
A25 34.0 B-57 46.8 6-56 2.86 
53.4 59.6 1-79 2.91 0-477 
33.4 43-9 21.9 0-791 0-0545 
A26 29.8 7.26 54-9 1.19 4-15 
A17 23.2 1.29 39-7 12.0 11-5 
(D 19.9 50-1 22.4 1.72 3-01 
A14 14-9 3-37 63-0 5-95 5.25 
12.1 37-7 38-1 6-72 3-57 9 
12.0 46*3 36-3 3-75 0.956 
A27 4-99 1-33 87-3 2.98 1-37 
9 
3.95 26-7 55-3 4-06 6-35 
3.08 48.2 37-5 0-531 5.84 
AVERAGE 50.1 17-0 24.2 3.21 2.59 
ENERGY 
DISTRIBUTION OF RELATIVE ENERGIES IN THE LOWER HARMONICS 
FIGURE 8.3 
8.9 
8.6 
in second harmonic is accompanied with an above average 
energy in third harmonic also. Hence some form of correction 
to the value of the first harmonic energy would undoubtedly 
improve the results. Since the energies of second and third 
harmonics appear to be well above average, a straight forward 
linear correction based on the difference between expected 
and actual energies might be used. A flow diagram illustrat- 
ing this strategy is shown in Fig. 8.4. After the application 
of this correctioq, the graphical outpuL i, e. energy in first 
harmonic versus residual error is shown in Fig. 8.5. The 
corresponding correlation -- 0-85. This value of correla- 
tion when compared to - -77 is readily acceptable. Using this 
in formation a corrected set of RWWE can be derived and a 
better RWWE versus MTF curve may be derived (see Fig. 8.6). 
Without making any further amends,, a method is now needed 
which predicts the value of the MTF from the profile measurý- 
ment. This is discussed in the next chapter. 
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CHAPTERI 
PREDICTION OF MTF 
CHAPTER IX 
PREDICTION OF MTF 
Once a quantity of lenses have been manufacturedv the first 
quality control operation might be to obtain an error profile 
by using Form Talysurf style instrumentp the operation of 
which has been described in Chapter V, Given the error profile 
of a particular lens9 a predictor is required to provide the 
corresponding value of MTF. 
From the work conducted in this research, mainly two functions 
are available: 
(a) RWWE B+AA+ B/ See Chapter VIII 
x 
MTF 
(b) Residual error - m. (energy in first harmonic) +a 
(y - mx + c) See Chapter VIII 
901 
MTF Prediction 
The steps involved in arriving at a prediction from the error 
profile are shown in the flow diagrams of Fig. 9.1 and 
Fig. 9.2. The very first estimate of the goodness of the 
lens could be the RWWE. Exceptionally high values of RWWE are 
likely to correspond to low MTFs. 
901 
9.2, 
START 
OPERATOR MEASUREMENT 
USING FORM TALYSURF 
ERROR PROFILE 
FIT STRAIGHT LINE 
GENERATE 
RWWE 
ii 
FIND FFT 
FIND ENERGY 
FIND TOTAL 
ENERGY 
1-10 HARMONICS 
FIRST 
ORDER 
CHECK 
OF 
QUALITY 
SEE NEXT PAGE 
SEE NEXT PAGE 
FIGURE 9.1 
FULL PROCEDURE FOR MTF PREDICTION 
/continued 
a 1) 
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N is ENERGY IN 
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APPLY CORRECTION- 
TO lst HAPJ40NIC 
ENERGY 
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RESIDUAL 
ERROR 
FUNCTION (b) 
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ENERGY 
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CORRECT RWWE 
BY RESIDUAL 
ERROR 
USE MODIFIED RWWE 
TO PREDICT MTF 
FROM FUNTCTION (a) 
FULL PROCEDURE FOR MTF PREDICTION 
FTGITRF Q-2 
9.4 
However, the modification of the measured RWWE in the manner 
prescribed would lead to a better estimate. This claim can 
readily be put to testg since some 29 error profiles together 
with 29 MTF values are available. 
The table of Fig. 9-3 shows a set of results which include 
the predicted MTFs and the measured MTFs. 
9.2 
Accuracy of Prediction 
The average prediction error '. --0-36% seems to be a very low 
figure. However, remembering that the total variation in the 
data - 3%, a prediction accuracy of some 10% or 20% is 
achieved. In the absence of any other estimate of prediction, 
these figures are welcome. Never-the-less, higher accuracy 
is always desirable. 
9-3 
Future Work 
Clearly, the correlation between energy in lower harmonics 
and the residual error is a major component in the design of 
the predictor. The correction algorithm applied earliert 
improved the correlation from - -77 to - -85. There might 
be a scope of improvement in this direction. The manner in 
which the energy is distributed in the harmonies needs to be 
studied in a greater detail. However, since a batch of 29 
9-4 
9.5 
LENS MEASURED PREDICTED PERCENTAGE 
MTF (ENERGY) MTF (ENERGY) ERROR 
A3 0.1793 0.1762 -1-712- 
A4 0.1823 0.1808 -0.8498 
A5 0.1780 0.1782 0.1032 
A6 0.1773 0.1801 1.583 
A7 0.1828 0-1835 0.4040 
A9 0.1782 0.1833 2.884 
A10 0.1813 0.1827 0.7481 
All 0.1795 0-1839 2.442 
A12 0.1802 0.1840 2.128 
A13 0.1819 0.1826 0.3679 
A14 0.1807 0.1820 0.7089 
A15 0.1796 0.1799 0.1525 
A16 0.1801 0.1826 1.414 
A17 0.1813 0.1825 0.6844 
A18 0.1780 0.1784 o. 1969 
A19 0.1812 0.1827 0.8468 
A20 0.1813 0.1823 0.5475 
A22 0.1781 0.1815, 1.905 
A23 0.1813 0.1826 0.7302 
A25 0.1814 0.1838 1.311 
A26 0.1823 0.1838 0.8123 
A27 0.1787 0.1792 0.2550 
A28 0.1785 0.1693 -5-137 
A29 0.1783 0.1810 1.493 
A30 0.1791 0.1812 1.154 
A31 0.1813 0-1799 -0-7476 
A32 0.1704 0-1783 -0-5960 
A33 0.1813 0.1775 -2,089 
A34 0.1774 0-1750 -1-330 
Average Error 0-359% 
PREDICTFM MTF 
FIGURE 9.3 
9.5 
9.6 
lenses may have a subset of only 6 or 7 lenses displaying a 
particular trait, a reliable analysis may not be possible. 
Indeed, the procedure of manufacture/measurement is subject 
to noise at almost every stage. It would hence be desirable 
to deal with a much bigger batch of some 100-150 lenses. 
Such a study could form an extention to this research. 
In addition, the algorithm to correct the energy in the 1st 
harmonic could benefit from a more generalised approach. For 
examplet it may be possible to deduce a generalised formula which 
could be applied to all the lensest thus making the procedure 
simpler. 
Other ideas for future work are discussed in the next chapter* 
k 
9.6 
CHAPTER 
GENERAL DISCUSSION AND SUGGESTIONS FOR FUTURE WORK 
Iý 
CHAPTER X 
GENERAL DISCUSSION AND SUGGESTIONS FOR FUTURE WORK 
In a real production situationt several batches of 25-40 lenses 
would be manufactured. Each lens has to be optically tested,, 
by measuring MTF. I 
If the results of this research were to be practically 
implemented# the need to optically test each and every lens 
could be curtailed. Initiallyq a small batch of say some 
10-12 lenses could be manufactured and MTFs predicted. If the 
predicted MTFs were within the expected rangev the production 
could continue with a further set of lens elements, An 
abnormality in the production process could hence be detected 
at an early stage (see flow diagram of Fig. 10.1). 
10,11 
Saving in Resources 
At this stage, by examining the error profiles, it might be 
possible to re-machine certain lens elements. Any marginal 
cases can be rejected or accepted by measuring the MTF at a 
later stage. Assuming that the production process is in checkg 
most of the lens elements are likely to display satisfactory 
predictions. Thus actual MTFs need to be measured only on 
randomly selected lens elements. Indeedq a profile measuring 
instrument could become an integrated part of the production 
cycle. If large production quantities are envisaged then a 
10,61 
START 
PRODUCTION PROCESS 
MANUFACTURE SMALL 
BATCH OF LENSES 
GET PREDICTIONS OF 
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MAKE 
CORRECTIONS 
Y 
CARRY 
NOP34AL 
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TEST 
SMIPLES 
QUALITY CONTROL IN PRODUCTION 
FIGURE 10.1 
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10-3 
specially designed jig or fixture could be used to facilitate 
the loading of the lenses on to the measurement instrument. 
Since the machine possess a fair amount of computational 
power, implementation of FFT algorithm might be possible. 
In any case, addition of suitable hardware/software might be 
a more acceptable solution. 
10.2 
Machining Faults 
An early warning about faulty production process is extremely 
useful. However, an indication of the faulty aspect of the 
machining process would be of much greater value. The 
manufacturing diameter of the lens is about 20 mm (although 
the optically used part is only 14 mm). The machining time 
taken for a tool to traverse the whole radius is almost half 
an hour. A slow unwanted variation in the tool position is 
likely due to wear in the slides and drift resulting from 
temperature changes. - Such deviation would show up as a first 
harmonic in the corresponding error profile. If such an error 
was dominant thenp the energy in the first harmonic would 
reflect this, As an example see Fig. 10.2 of lens A 11 and 
the corresponding energy in first harmonic - 94.5%. As 
already demonstratedg such lenses will display lower residual 
errors. In additiong if the amplitude of the error is lowq 
RWWE will also be low, leading to higher values of MTF. This 
observation certainly confirms the very original rule of thumb 
10-3 
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used by the machine shop personnel: 
"a single "bow" displayed in the error profile is tolerable 
provided the amplitude is not too big, . . 11 
(see Appendix A). 
Large errors towards the periphery of the lens could be related 
to the chucking process particularly when the lenses are 
relatively thin. The parameter RWWE is hence quite appropriate 
for this requirement. 
Howeverg there are other features on the error profiles which 
need to be linked to the machining process. The dominance 
of any particular physical feature is bound to be reflected 
in the energy content of one or more harmonics. Since 
relatively high energy in the first harmonic suggests low 
variations in the machining process, it could be fruitful 
to examine the higher harmonics in a similar way. The 
Fig. 10,3 shows groups of lenses with energies above the mean 
value for a given harmonic. 
For exampleg if all the error profiles in the third group 
(i. e. lenses where the energy in third harmonic --p- its average 
value) are inspected, it is found that the profiles are similar 
in character. A typical example of lens A 15 is shown in 
Fig. 10-4. Since this type of error is repeated in some 14 
lenses, it is very unlikely to be random. Remembering that 
each lens takes about half an hour to machineq, this problem 
is not drift related either. It is worthwhile noting that 
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the maximum error deviation is of the order of 0-3 Um- In 
normal machining termsq this can be regarded as fairly high 
standard of accuracy. 
10-3 
Cyclic Errors 
Never-the-lessg if the physical distances between the 
successive peaks is measured, it turns out to be a constant 
-, -2 mmq as shown in Fig. 10-5. The cyclic nature of this 
fault is hence confirmed. One source of such error could be 
small inaccuracies in the turntable spindle and/or associat- 
ed tool post assembly as shown in Fig. 10.6. In making a 
traverse from one end of the lens to the centre, the turn- 
0 table turns through an angle of about 14 , The accuracy 
of the spindle of the turntable appears to be a contributary 
factor here. The need to study the geometry of the tool- 
post and the turntable hence arises. Suitable efforts may 
be fruitfully directed in this area in the future. 
10.4 
Tool Wear 
The radius of the tool is some 2 mm. Any wear in the tool 
is hence likely to be represented as fractions of a mm. 
The energy in higher harmonics viz fifth harmonic is likely 
to be due to tool wear/and or vibration. 
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To Summarise: 
Harmonic With Associated 
Above Average Energy Machine Error 
First Harmonic/Second Mainly drift or set-up and wear 
Harmonic in slides, etc. 
Third Harmonic Cyclic error due to turntable/ 
load, etc* 
Fourth - Higher Harmonic Tool wearg vibration, etc. 
High WdWE Faulty chucking 
10.5 
Future Work in General 
The current work provides some limited guide in connection 
with machine faults. The provision of explicit parameters which 
estimate any particular faulty aspect with greater accuracyg 
requires not only a detailed knowledge of the production process, 
but also the precise conditions under which the production 
takes place. These could include measurement of temperatureq 
vibration, tool wear, etc. during the production of a typical 
batch of lenses. 
10.11 
10.12 
10.6 
General Conclusions 
It may be concluded that the main objectives of the research 
have been achieved. 
To Summarise: 
The optical performance as characterised by the area under 
the MTF curve is related to two parameters which can be 
measured at the manufacturing stage: 
(a) Radius weighted wave front error (RWWE) 
(b) The residual error 
A combination of these two effects can be utilised to 
predict the MTF of a given lens at an early stage in the 
production cycleg thus saving vital resources* 
10.12 
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APPENDIX 
A. 1 
APPENDIX A 
MEASUREMENT ON PRODUCTION MACHINE 
In generalt, the machined component is checked for departures 
from the desired profile. In an ideal condition, the result 
on the Talysurf graph would be a straight line. After polish- 
ing, if the same test is repeated a straight line may not be 
produced. A general rule is to examine the gTaph for the 
number of 11bowsn from the centre of the lens to the edge. A 
single bow may not be too objectionable. Two "bows" may need 
closer examination. Any more than two bows, almost certainly 
would need some re-machining. The -a imum peak to peak 
amplitude of the bows has to be no more than 1)IM. Implicit 
within this "number of bows" is the number of times the slope 
changes sign. This situation is depicted in Fig. Al. The 
partial graphs of a component which "passedn this criterion 
are shown in Figs. A2A to A2C. Figure A2A merely represents 
the aspheric relative to a sphere. This graph obtained at 
low magnification# shows how the aspheric departs from a 
sphere, It does not therefore show any error. Figure A2B 
represents the departure from the required-profile i. e. it is 
an 'terror graph" and in an ideal case should be a straight 
line. One small division represents 0-5, um- 
I 
A, 2 
Figure AN represents the same component after polishing. In 
this instance the shape is preservedg and hence the component 
is passed as satisfactory. 
A. 2 
A-3 
cI 
C- 
m 
C) 
rri 
0.1 
rX4 
0 
W 
A-3 
e>_ 1-- 
:: Z 
MADE IN ENGLAND Ai 12/121 I. E 
tf 
N, I 
- . 
[$; 
1 t 
IA e- 
U-- . :-, tIII;;., i! 
%a 14 1ý1 
- --- 
I- 
-- ,I 
: Tzn-;, id 
t 
RANK TAYLOR H08SON, LEICESTER 
Ia old ww id dwwwwdilaiju j99; lTjj-j6lljjuuj... jlu-j i 
MADE AI i2i 121 I. E GLAN A1121t2ill 
71 uu 11 
4-4 f ' W F M 
-- 
A2B 
qb, 90 
If I lu U C' C- 1.11 01C0U -0 '1 Al 133 '3 333U! 2121 'A U rj'(, 
-u 
JOL=-T. " 
-7 7 ! 20 
FIGURE A20 
-7-7 
140 -40- 
A-4 
Iv 
APPENDIX 
B. 1 
APPENDIX B 
MEASUREMENT OF ALUMINIUM PARABOLA ON SIRA MACHINE 
The operation of the Sira instrument relies on a precision 
spindle. The measurement is made by a probeg which is 
sensitive to radial displacements (see Fig. B1). The spin 
table is driven at a constant rateg as the arm tracks across 
the test surface. Thus an effective fine spiral scan of the 
test surface is performed. This, coupled with the angular 
information about the spindle and the arm allows various 
forms of display to be made. 
An extremely useful analysis of these measurements have been 
reported (24). Figure B2 shows the measured form of the 
aluminium parabola relative to a base radius of 452-365 mm. 
If the measured form is subtracted from the specified or true 
parabolap a plot of the "error form" is obtained. It is 
demonstrated that this is a combined effect of an error which 
linearly increases with radius (coning error) and a parabolic 
component. The largest form errors, hence encountered are of 
the order of 30 Am. If these form errors are corrected then 
the residual error is 2-3 Um. 
An important observation reported in connection with the 
parabola is that the aluminium parabola with a large coning 
error has a much poorer image quality than a parabola with no 
coning error (2,, J). 
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APPENDIX 
APPENDIX C 
A PILOT STUDY WITH 6 LENS ELEMENTS 
In the early part of the researchq the Form Talysurf instrument 
as described in Appendix B was still under development.. In 
addition a reasonable sized batch of suitable germaniu-m. lenses 
was. not readily available. Hence only 6 lenses were measured 
on the development instrument. Fig. C1 shows two of the 
error profiles. Several parameters such as average slope, 
radius weighted average slope, etc. were generated. An attempt 
was made to correlate these parameters to mid values of MTF 
for each lens. The correlations were poor and improved slight- 
ly when radius weightings were introduced. 
However, when the number of turning points and their radial 
position was taken into account the correlation improved by a 
relatively large amount. The introduction of the radial terms 
was accompanied by the choice of constants which were mainly 
obtained by trial and error. With many uncertanties about the 
instrumentation and with such a small data set, no further work 
was possible. 
Although no conclusions were really possibleg the relation- 
ship between MTF and the turning points was a clue which became 
useful in later part of this research, 
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FORM TALYSURF ý Versatile, precise 
THE MOST DIFFICULT 
ASSESSMENT TO MAKE 
WITH FORM TALYSURF IS 
ITS OWN POTENTIAL 
Form Talysurf is the first measuring 
system, which, in a single traverse 
over a workpiece surface will prc-, 
vide precise analyses ofý- 
Surface texture 
Form error 
Radius 
Angle of surface inclination 
Dimensions 
In addition, Form Talysurf will per- 
form more complex functions such 
as aspheric and conic analysis, and 
also provide statistical analyses. 
Such a searching investigation of a 
component's physical features 
would normally require two or 
more measuring instruments. In 
Form Talysurf it is achieved quickly 
and simply, and with outstanding 
resolution. 
Form Talysurf's versatility has 
enabled many users, particularly in 
the automotive industry to 
significantly expand their 
capabilities for the inspection of 
complex components. Designers 
can now specify optimum data for 
the manufacture of parts which 
previously would have been ex- 
tremely difficult, if not impossible to 
measure by other means, 
Range and resolution 
Form Talysurf is a stylus instrument 
with a wide dynamic measuring 
range. The range is achieved by 
using a laser interferometric 
transducer, the signals from which 
are transmitted to a microcomputer for detailed processing. 
When fitted with the 60mm (2-36m) 
diamond tipped stylus arm for sur- face texture or form measurement, 
the vertical range is 4mm (0. l6m) 
with a resolution of 10nm (0.4yin), or 
approximately 1/64 of the wave- 
length of helium neon laser light 
Using the standard 120mm (4.72m) 
ball ended stylus (for form mea- 
surement only), the transducer ver- 
tical range is increased to 8mm 
(0-32m), with a resolution of 20nm 
(0.8min). 
Measuring versatility 
In one traverse (with a diarriond tip- 
ped stylus), Form Talysurf will pro- 
vide precise measurement of 
workpiece form, surface texture, 
radius and angle of surface inclina- 
tion. 
Microcomputer processing 
separates texture and form by fit- 
ting a reference profile to the 
measured profile . 
This reference 
can be either a best fit straight line, 
a best fit concave or convex cir- 
cular or conical arc, or by using the 
multiple reference feature various 
combinations of these forms can be 
measured, Measurement of 
aspheric surfaces can also be made 
with Form Talysurf 
Fast, simple operation 
quence can be performed in less 
than 1 minute by relatively inex- 
perienced personnel Because of 
the power and flexibility of the 
system, the position of the surface to 
Simple and tolf-rtnt sý, ttinq up pro 
cedures combined with micro- 
computer analysis and display of 
results reduce workpiece assess- 
ment time to an absolute minimum. 
A complete measurement se- 
be measured is not critical, pro- 
vided it is within the 4mm (0-16in) 
range of the standard stylus. 
Every function in a measurement 
cycle is controlled from the 
keyboard, the operator being guid- 
ed step by step from options and in- 
structions displayed on the screen 
of a visual display unit (VDU). 
Screen dialogue is selectable from 
English, German, French and 
Italian languages. 
Permanent records of input data 
and results can be obtained from a 
dot matrix printer, and data may be 
stored for later retrieval. 
Automatic calibration 
_: 'ýe complete system is calibrated 
'-y measuring a calibration stan- 
. 
ýard of known dimensions. 
A system set-up dynamic graphic 
scale allows the crest of the calibra- 
tion standard to be quickly found 
with the stylus tip after which the 
calibration is carried out 
automatically. Calibration constants 
can be retained in computer 
memory and applied to subsequent 
measurements with the same stylus. 
Form Talysuxf with computer equipment on optional desk. 
A new stylus instrument with 
a wide dynamic range for use 
in surface metrology 
J. D. Garratt* 
An instrument has been developed which can measure not 
only radius of curvature but also form deviation and surface 
texture at the same time. A computer is used to mathemati- 
cally separate the form from the texture. The technique can 
be applied to the measurement of cross track curvature of 
bearing raceways and to other precision components whose 
form is defined as a circular arc, or a straight line, in which 
case angle will be measured instead of radius. The measure - 
ment of other forms such as parabolic, elliptical, hyperbrlic 
and aspheric are the subject of continuinn development. 
The instrument provides a distinctive and useful advance in 
measurement by the stylus method, offering possible solu- 
tions to many obdurate problems in the field of surface 
metrology 
Keywords: surface roughness measurement, form tolerances, curved, 
transducers 
In modern technologies, the assessment of performance of 
a component in respect of its various physical specifications' 
is often dependent on a comprehensive measurement of 
component surface topography. Two essential aspects of this 
are its form and texture which hitherto have required 
separate assessments, often with interdependent error. 
Conventional surface finish instruments have a 
measuring range of typically 0.1 mm, but are adapted to 
the measurement of texture of a curved component by 
matching a curved datum to that component. The method 
is tedious and time consuming and never gives the exactitude 
derived by a comprehensive assessment supported by the 
dnalysis of a digital computer. 
In order to acquire the data for this comprehensive 
analysis, a pick-up with a wide dynamic range is essential 
because of the disparate amplitudes of form and texture. 
This type of comprehensive assessment is now feasible by 
a new stylus instrument which incorporates a digital trans- 
ducer with a wide dynamic range. 
Setting up to measure a curved component is 
considerably simplified, reducing the complete measure 
ment cycle time to typically less than one minute. 
Component form is separated from the surface texture 
mathematically in the calculation of its various dtmen- 
sional parameters which describe the form. 
Applications include the measurement of circula, 
formed components such as ball bearings, bearing raceways, 
diamond turned mirrors and diamond turning tools. 
Pick-up 
To measure the form, surface texture and radius of the 
component depicted in Fig 1 in a single traverse, a pick-up 
is needed which can measure in the y ditection with a range 
'Rank Taylor Hobson Limaed, PO Box 36, Guthlaxton Street, 
Leicester, UK, LE2 OSL 
DreCtion of 
y troverse 
Transducer 
datum 
Compon ýn'F 
i Start of R End of trove r se traverse 
4ý 
Fw I Co-ordinate system used in the assessme- 
form and texture of a curved surface 
J, Rtln - 
Fig 2 Pick -up cartridge of the new instrument 
of at least h and a resolution high enough to detect the 
surface texture detail. Accurate measurement of the pick-up 
traverse, in the x direction, is essential. 
The pick-up comprises a pivoted lever, or. one end of 
which is the stylus which contacts the surface to be 
measured, arid on the othei end is a ref lector . 
This acts as 
the measurement arm of an interferometric transducer2 to 
give a direct di-jital output with a measuring range presently 
of 2 mm, a resolution of 5 nm and a frequency response of 
about 300 Hz. The interferometer and stylus arm are housed 
in a 30 mm diameter cartridge (Fig 2). 
The light source for the Michelson type interfero- 
meter is a commercially available helium-neon laser of 1 mW 
output and wavelength X. The output beam from the intei 
ferometer, derived from both measurement and ref-if2nce 
arms, is split into four, enabling four photodiodes to detect 
the fringe pattern. These signals, indicating the stylus 
displacement y, are fed into a preamplifier board producing 
the conventional quadrature signals which enable bidirectional 
counting and interpolation to ), 112 83 . 
This gives 3 range to 
resolution ratio of 5x1 Cis , te equivalent 
to 19 bits 
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Fig 3 shows the transducer and a traversing unit 
which provides the accurate x axis traverse. 
Certain factors must be taken into account when 
using a transducer with these capabilities, described as 
follows. 
Transducer linearity 
The stylus arm pivot has a precise axis of rotation which 
introduces minimal friction and allows for the wide measur- 
ing range. The variation in static stylus force over this range 
is also minimal. These constraints help to ensure that the 
stylus arm moves accurately over the wide range. However, 
the normal assumption of linearity of stylus movements 
will no longer apply in either the y or the x directions, 
and a small correction is made by the computer for the 
cross axis relationship of the pick-up geometry. 
The corrected y- Ay + By2, where A is nominally I 
and B= al2b2 and horizontal stylus movement x ýr Cy _ Dy2' 
where C- alb and D= 112b, and where a is the distance 
from the stylus tip to the stylus arm and b is the distance 
from the stylus to the pivot. 
Stylus arm vibration and sampling interval 
Any unwanted resonance in the stylus arm of an analogue 
transducer is usually controlled in design to be well outside 
the frequency range of the instrument; it is therefore 'lost' 
before digitising. This is not so for the case of a digital 
transducer and its effect must be 'lost' by digital filtering. 
To satisfy the Nyquist criterion, the sampling interval 
must be less than half the shortest wavelength present in the 
signal, otherwise aliassing will occur. The arm resonance in 
this instrument design is to be at 350 Hz. The traversing 
table holding the workpiece has a velocity of 1 mm/s, giving 
the resonance a wavelength of 2.85 pm. This may be assumed 
to be the shortest wavelength of interest, in which case a 
data sampling interval of 1.4 pm or less is required, 
The stylus tube is constructed irom aluminium alloy for 
lightness, but this material has a low damping ratio. Hooker 6 
states a value as low as 0.0001, which would give a sustained 
amplitude of vibration when excited. This has been 
increased to about 0.1 in this instrument, by the application 
of a visco-elastic damping materia 16. 
This damping helped to reduce the vibration amplitude 
which was further reduced by the use of a digital notch 
filter, the characteristics of which give zero transmission at 
a wavelength of 3 pm and 70% at 6jum. 
The use of a carbon fibre stylus arm is considered 
valuable in this context. 
Digital sampling of the data 
The sampling of data in a digital system may be controlled 
temporally or spatially. The use of temporal sampling to 
measure the x direction in Fig 1 is not advisable, as any 
speed fluctuations in the traverse give related errors E in the 
sampling distance. Referring to Fig 1, if the best fit arc was 
calculated using temporal sampling and then subtracted 
from the data, the resulting surface detail would show this 
error with amplitude e=E tan a, where a is the angle at 
which the stylus is traversing (ie the tilt of the component 
being measured) relative to the true datum of the instrument. 
To avoid this, spatial sampling is employed which is more 
reliable, though less convenient. 
The motion of the traversing table (Fig 3) is measured 
by a Michelson interferometer. AI mW laser unstabilised 
in frequency, is attached to the rear of the traversing table, 
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L 
interferometric 
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Fig 3 New instrument 
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Table I Comparison between a stylus instrument incorporating a conventional analogue transducer and one 
incorporating the new digital transducer 
Digital transducer Analogue transducer 
2.59 mm Range 0.1 mm 
5 nm Resolution 5 nm 
5x 10, Usable range/ 103 
09 bits) resolution ratio (10 bits) 
Curve 
measurement 
t-orm anci Form or 
texture texture 
y'- Ay + By2 Calibration y'=Ay 
Y, 
lax 
Ax = Cy + Dy2 
Stylus arm 
Wavelength - 2.85, um vibration Beyond frequency 
Data sampling 1.4 pm range of 
Damping 
instrument 
Digital filtering 
providing the light source for the interferometer which is 
positioned in the lower end block. The mirror for the 
measurement arm is attached to the carriage table, as near 
as possible to the vertical measuring plane of the interfero- 
metric transducer to reduce offset error in accordance 
with the Abbe principle. 
With a traverse length of 150 mm, the coherence 
length of the laser is adequate because the position for zero 
path difference occurs when the table is at its mid-traverse. 
Two photodiodes detect the fringe pattern, and hence the 
movement of the table. The resultant signals are fed to a 
preamplifier and signal conditioner located near to the 
interferometer, to produce a data sampling pulse every 
0.4746 pm, which satisfies the Nyquist criterion. 
Comparison of digital and analogue 
transducer characteristics 
A comparison between a stylus instrument system incor- 
Porating a conventional analogue transducer and the one 
incorporating the new digital transducer which has been 
described abovE, is summarised in Table 1. 
The instrument system 
Fig 4 shows a view of the system with a schematic layout 
in Fig 5. This is built around a standard Rank Taylor 
Hobson product, Talydata, embodying a Data General 
microNova computer. Nineteen of the logic inputs are 
used for the data of the interferometric transducer. 
The clac provides an analogue signal to the recorder. Instrument operation is controlled by the handheld 
console, responding to 'menu' messages displayed on 
the vdu. 
Reference lines and calibration 
Considering the component in Fig 1, to accurately fit a 
reference line conforming to a best fit circular arc 4,5 to the 
data collected by the transducer, a calibration routine is 
required in respect of constants of the individual geometry 
of the pick-up. It is not sufficient to use calibration 
standards of the step height or average (R, ) type. A round, 
smooth, ball of known radius is traversed under the stylus. 
After the best fit arc has been calculated and subtracted 
PRECISION ENIGINEFRINC-. 14/ 
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from the data, the modified data should show minimum 
form error and the calculated radius should agree with the 
true radius of the ball, enabling the calibration referred to 
under 'Transducer linearity' above to be achieved. 
This calibration is absolute and will be true for other 
measurements whether the reference line is a circular arc, 
a straight line, or any other curve. The accuracy in radius 
measurement or parameter of any curve depends mainly 
on the calibration accuracy, traverse length chosen, and the 
surface texture present. 
The stylus tip has the form of a truncated pyramid 
and has a finite dimension (about 2 jim); its value has to be 
taken into account as it passes the valley on a concave 
component, or the peak on a convex component. 
, <Z., 
Fig 4 Complete system 
The stylus is not always normal to the surface being 
measured; the inclination has to be compensated to give 
valid form error and surface finish height information. 
The stylus included angle is 900, therefore, if the contact 
angle between stylus and surface approaches 45 C, measure- 
ments will become inaccurate. 
When the best fit is calculated, the ordinate spacing 
is based on the chord of the arc; after the arc has been 
subtracted, ihe residual data are referred to the arc itself, 
to give valid form error and surface finish wavelength 
information. 
Similar corrections are necessary if a straight line 
reference is used to remove large angles of tilt when measur- 
ing a flat component. The accuracy of the measured angle 
of tilt of the stfaight line reference again depends on the 
calibration accuracy, traverse length chosen and the surface 
texture present. 
Surface texture measurement 
Surface texture comparisons were made between a 
Taylor-Hobson Talysurf 4 instrument and the new 
instrument, by measuring a fine turned surface with a 
high harmonic content. 
For each measurement, three traverses were taken 
over similar sections of the component and the results 
averaged. Each traverse yielded 1000 ordinates at 2 pm 
spacing. A best fit least squares straight line was subtracted 
from the sets of data and further modified by a standard 
2CR high pass filter with a 0.25 mm cut-off to obtain the 
surface texture parameters and power spectrum shown 
in Fig 6. 
The new instrument has a low wavelength limit, but 
as this is very near to the stylus tip size, it will have a 
minimal effect on measurements taken over general engineer. 
ing surfaces. Good correlation is indicated between the 
Interferometric 
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Logic 
inputs 
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For /rev control outpuls 
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IgIli: to 
analogue 
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Fig 5 Complete system 
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Turned surface Radius= 12-699 rnm R, = 0.004 pm 
0.25 mm ISO filter cut-off 
P-V 2 0.077pm Rq = 0.006ýLm 
Instrument Talysurf New 
Tilt, " 0.01 0.1 19 32 
Power spectrum 
Rt, pm 
R, 
jum 
1.45 
0.262 
1.54 
0.262 
1.62 
0.260 
1A9 
0.263 
Aa, " 
X.,. Um 
3.12 
30.2 
3.02 
31.2 
3.03 
30.9 
3.12 
29.9 
05,. m 
Aw~ýWAýl 
f- 
a loopm 
Ig (power) 
V-1 
tsu 4U zu 10 5 
b X. ILM 
Fig 6 Comparison between Talysurf and new stylus 
instruments on surface measurements (a) filtered profile 
and (b) power spectrum 
measurement from both instruments, even when the 
component surface has a large tilt, relative to the instru- 
ment's datum. Four filtered profile traces could not be 
distinguished. 
APPlic3tions 
Fig 7 shows a measurement over a 025.4 mm ball. The 
profile contains the form errors and texture after the best 
fit arc has been subtracted from the data. The peak to 
valley (P-V) is taken over the assessment length L (P-V) 
and the R, and Rq values are taken over L (Rall. the 
difference in these lengths being the settling distance for 
the filter, typically twice the cut-off. 
The ball was used to calibrate the instrument, and all 
applications described in this section were taken with 
respect to this one calibration. 
BaH bearings 
An important application is the measurement of cross track 
curvature of bearing raceways. One traditional method of 
measuring the radius is to project the arc onto the screen of 
an optical comparator at an appropriate magnification and 
compare it to arcs drawn on a template. This method has a 
number of disadvantages, one being that the measurement is 
subjective and depends on operator interpretation. 
Fig 8 shows results of a bearing raceway measurement, 
Fig B(a) shows the whole cross-section including lands, after 
the best fit line has been subtracted. The same data are 
used for obtaining the results shown in Fig 8(b), where a 
PRECISION ENGINEERING 
0.6 
0 
0.5 
Fig 7 Measurement of 025.4 mm ball 
P-V 273/Lm 
200 LI L2 
0 
-20 
L(P-V) 2.5mm 
Radius 1.259mm R, = 0.0441Lm 
P-V= 1,21pm Rq = 0.051 pm 
0.8 r- , 
X. 0 
- 0.5 
b 
Fig 8 Measurement of cross track curvature on bearing races, 
(a) with best fit line subtracted and (b) with best fit arc 
subtracted 
best fit arc is subtracted from the circular part of the 
raceway to display the form errors and surface texture. 
The range of radii of int&est is usually between 
o. 4 mm and 20 mm. The measurement accuracy on radius 
has been found in practice to be generally better than 
3 Prn for this range. 
Further applications include the measurement of the 
balls (Fig 7) and rollers that make up the rest of the bearing. 
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Optical components 
Diamond turning is becoming highly important in the 
manufacture of mirrors and some lenses. The traditional 
method of measurement is by interferometry, with problems 
Of interpretation and setting-up. This technique cannot be 
used for many modern types of infra red lenses. 
Fig 9 shows the measurement of a diamond turned 
mirror with a hole through its centre. Figs 9(b) and 9(c) 
show measurements taken over assessment lengths LI and 
L2 respecti; ely. There is a harmonic error in the machining 
process which is clearly shown in the measurement. Also 
note the expected relationship between form errors of the 
left and right hand traces. The radii of interest are usually 
between 20 mm and 600 mm with a measurement accuracy 
of radius better than 0.1 %of the nominal value. 
L2 
0.7 
E 
IL 
0 
-0.3 
b 
0.7 
E 
:L0 
-0.4 
c 
Radius z 154.95 mm Rt, = 0.015»m 
Radius = 154.95mm RO 2 0.021;, m 
P-V = 0.47pLm Rq = 0.027jum 
Fig 9 Measij reme! 7ts of a diamond turned mirror 
(a) cross vievý, (b) torn) a: ),. 4 te;, ture over Ll 
a. '7(, ' ec, form awý texture over L2 
11, -) ". 
The diamond tools that are used to generate these 
surfaces can have an arcuate cutting surface. Fig 10 shows 
a measurement of such a tool after the best fit arc has been 
subtracted. Fig 10(a) is the tool as new, whereas Fig 10(b) 
is the same tool after many cuts have been taken, hence 
the slight wear on one side of the cutting edge, shown 
encircled in Fig 10(b). 
Fig 11 shows measurements of both a concave and 
convex glass gauge of the same radius after the best fit arc 
has been subtracted. The difference in measured radii could 
be accountable to the stylus size and shape, but the - 
measurement is still within the specification of the instru- 
ment. Many optical components are highly polished and 
have R, values better than 0.008 pm, which is approaching 
the noise level of conventional instruments. Fig 11 (a) 
shows an R, value of 0.003 pm for the concave glass gauge, 
which demonstrates the low noise limit of the instrument. 
Aspheric mirrors and lenses could also be measured. 
With the best fit arc subtracted, the resulting asphericity 
will be displayed. Where the asphericity is large, it will not 
be easy to measure small asphericity deviations unless 
reference is made to the aspheric form. However, if this 
deviation is not of interest, high pass filtering will enable 
the surface finish detail to be obtained. 
Radius m 2.5lOmm Rg c 0.051 »m 
Q3 
0 
0.7 
0.3 
0 
-0.7 
Fig 10 Measurement of a diamonc turning tool, (aj new 
tool and (b) tool, showing wear 
JL' \'CL NO 
! iý 
P-V = 0.93pm Rq = 0.064 pm P-V= 0.55jim Rq a 0.020 turn 
Fiadius z 2.508 mm R, z 0.053 »m 
P-V = 0.94, um Rq ý 0.07 7, u m 
II Rodlus -- 12.117 mrn P-VZ 0.29»m 
0.5 r 
E0 
& 
-0.6 
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LIP-V) 12.6mm bLLk F- V, 
Fig II Measurement of glass gauges of radius 12.116mm. (a) Concave gauge and (b) convex gauge 
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